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Referat
Im Mittelpunkt dieser Arbeit steht die selektive Funktionalisierung von Siliziumoxidna-
nostrukturen auf alkyl-passivierten Siliziumoberfla¨chen welche durch rasterkraftmikro-
skopisch induzierte lokale anodische Oxidation (LAO) erzeugt werden. Bei der gezielten
Immobilisierung von funktionalen Moleku¨len auf den Strukturen werden zwei verschie-
dene Routen verfolgt Anbindung von ionischen Farbstoffen u¨ber elektrostatische Wech-
selwirkungen sowie stufenweise kovalente chemische Anbindung von bi-funktionalen
Verbindermoleku¨len und Farbstoffen. Eine Untersuchung der hergestellten funktiona-
len Strukturen erfolgt mittels Rasterkraftmikroskopie, Raster-Kelvin-Mikroskopie sowie
zeitaufgelo¨ster Fluoreszenzmikroskopie und-spektroskopie. Durch zwei unabha¨ngige
Methoden kann gezeigt werden dass die Ladungen im lokalen Oxide vergleichsweise
stabil sind und die elektrostatische Anbindung somit auch noch nach Tagen mo¨glich sein
sollte. Das Verhalten der elektrostatisch angebundenen Farbstoffe ha¨ngt stark von de-
ren Art ab. Wa¨hrend es bei Rhodamin 6G nur zu einer minimalen spektralen A¨nderung
im Vergleich zur Lo¨sung kommt so zeigen spermin-funktionalisierte Perylenbisimid-
farbstoffe eine deutliche H-Aggregation und Ausbildung von Excimerzusta¨nden. Die-
se Zusta¨nde sind eindeutig thermisch aktiviert und zeigen eine wesentlich ho¨here Akti-
vierungsenergie als bei allen anderen bisher untersuchten Perylenaggregaten sowie eine
Hysterese bei Temperaturvera¨nderung. Die physikalische Ursache fu¨r dieses Pha¨nomen
liegt allem Anschein nach in der elektrostatischen Anbindung selbst welche ein insta-
biles Gleichgewicht mit der Wechselwirkung der Moleku¨le untereinander bildet. Eine
geordnete kovalente Anbindung von funktionalen Silanmoleku¨len an die mittels LAO
erzeugten Strukturen erfordert sehr definierte Prozessparameter. Die spektroskopische
Untersuchung von an die funktionalen Silane chemisch angebundenen Fluoresceinfarb-
stoffen la¨sst indirekte Schlu¨sse auf deren Belegungsdichte und damit die Qualita¨t der
Silanmonolage zu.
Schlagwo¨rter
Lokale Anodische Oxidation, AFM-Lithographie, KPFM, Rhodamin 6G, Perylenbisi-
mid, E-Excimer, Tieftemperatur, zeitaufgelo¨ste optische Spektroskopie, Silanisierung,
Fluoresceinthioisocyanat, Funktionalisierung, Nanostrukturen
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Nanotechnology is a relatively young branch of natural science but has met with
constantly growing interest within the last three decades. By informal definition
it deals with the fabrication of structures, materials or whole devices sizing from
1 to 100 nanometers in at least one dimension. Thus nanotechnology is a tool to
advance towards an ultimate frontier: a targeted manipulation of matter at the very
bottom scale of our tangible world - at a molecular or an atomic level. Depending
on the used materials and the employed phenomena or methods there is a huge va-
riety of different applications such as nanomaterials, nanomedicine, nanorobotics,
nanoelectronics and nanochemistry. Accordingly, nanotechnology involves knowl-
edge and application of multiple fields of science like surface physics, molecular
biology, micro- or nanofabrication, semiconductor physics and chemistry. Basi-
cally, the concepts used to create nanostructures can be divided into two groups:
top-down and bottom-up approaches.
In a top-down approach a larger device is used to create or arrange a smaller struc-
ture. Through remarkable progresses within the last years, many conventional
semiconductor device fabrication techniques are nowadays capable of creating not
only thin films within the nanometer regime but also lateral nanostructures down to
several tens of nm. Besides parallel approaches which use masks, etching and epi-
taxy, scanning methods as atomic force microscopy (AFM) [Tsen05] or focused ion
beam [Watt05] based lithography are widely-used especially within basic research.
Here a local manipulation of the sample surface is achieved by a scanning tip or
a particle beam. Material can be selectively removed, deposited or even chemical
reactions can be induced locally. In comparison with parallel techniques using e.g.
parallel projection or stamps, scanning methods are much slower, thus not suitable
for mass production, but on the other hand they offer a much greater versatility and
adaptivity.
In contrast to top-down nanostructuring which is essentially a miniaturization of
concepts from macroscopic technology, bottom-up approaches have been adopted
from biology and supramolecular chemistry. In a bottom-up process smaller build-
ing blocks are used to form larger and more complex assemblies. This concept is
omnipresent in living nature e.g. in order to form cell membranes or protein com-
plexes. The interaction of the single blocks can be realized through different bind-
ing mechanisms such as hydrogen bonds, hydrophilic/hydrophobic interactions,
13
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electrostatic interactions or covalent bonds. A very promising bottom-up method
is molecular self-assembly where single molecules automatically arrange into a de-
sired conformation. This can be achieved in a very controllable and reliable way
by so called ’click’-chemistry [Kolb01] which employs concepts of supramolecu-
lar chemistry and molecular recognition. By synthesis of molecules with different
functional and anchoring groups, site-selective chemical reactions enable the func-
tionalization even of inorganic surfaces.
Furthermore it is possible to combine both approaches in a successive manner. A
pre-structuring of the surface via top-down methods can be followed by a bottom-
up functionalization of the structures or vice versa. However, an implementation
of such multi-step processes is quite challenging as every single stage is critical
and requires a high degree of precision and control. Especially for miniaturization
of electronics or devices, it is desirable not only to be able to build nanoscopic
entities but also to selectively create, position or arrange them in a highly defined
environment. The silicon surface is a very suitable system for such a purpose as it
is one of the best-investigated materials in modern science and basis of our state
of the art electronics (integrated circuits). Nanostructuring of silicon surfaces via
various top-down methods is still of much interest and is studied by many groups
[Chie10, Mo09, Albo08, Yang09, Han09, Lu07]. A promising approach is to ter-
minate the silicon by a self-assembled monolayer (SAM) prior to the structuring.
This not only provides the means to protect the reactive silicon against ambient
oxygen but also enables to create surfaces with a desired physicochemical func-
tionality. By using AFM anodization lithography, the monolayers or moreover the
silicon beneath can be oxidized locally thus resulting in structures with lateral di-
mensions in the range of a few tens of nanometers and a height up to a few nanome-
ters. These structures can be used as template for further bottom-up functional-
ization with manifold materials as metal or semiconductor nanoparticles, single
molecules or biological macromolecules. Especially interesting for such purposes
are optically active materials, which means in the context of this work molecules
or nanoparticles that show luminescence emission of light upon optical excitation.
By a controlled binding of these entities to a nanostructured substrate, nanoscopic
fluorescence emitters can be easily created. Such systems may be used as basis for
the design of sensors (lab-on-a-chip), photonic circuits or molecular electronics.
Thus, the current work focusses on the immobilization of xanthene and perylene
dyes molecules on silicon oxide nanostructures that have been created by local an-
odic oxidation of monolayer-terminated silicon. Thereby the specific binding has
been realized by electrostatic attraction of rhodamine 6G or spermine functional-
ized perylene bisimide as well as covalent binding of fluorescein-5-isothiocyanate.
Both classes, xanthene as well as perylene dyes are characterized by a high quan-
tum yield and distinctive fluorescence properties. Furthermore their binding and
aggregation behavior has been investigated in numerous studies.
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This thesis continues the research which I started with my diploma thesis ’AFM-
induced nanolithography on alkyl-terminated silicon for selective binding of dye
molecules’. The preceding work was mainly about the investigation of local anodic
oxidation of alkyl-terminated silicon at diverse parameters and a characterization
of the formed alkyl SAMs. The present work focuses on a more detailed investiga-
tion about how a combination of top-down and bottom-up nanostructuring can be
successfully utilized to create optically active one- and two-dimensional nanostruc-
tures on silicon surfaces. It will not only provide insights into the different chemical
functionalization routes but will also reveal new aspects of the optical properties of
nanoscopic dye-assemblies. As the presented realizations are rather specialized,
novel and interdisciplinary approaches, the relevant and associated literature will
be reviewed in the respective chapters separately.
Outline of the thesis
The primary scope of this thesis is to show how different functionalization routes
can be used to create optically active nanostructures and to characterize these struc-
tures by atomic force and Kelvin probe force microscopy as well as photolumines-
cence spectra and life time measurements. Here, a special focus is on the expla-
nation of the results from a physiochemical point of view. Chapter 2 provides
experimental details about the experimental techniques and setups that have been
used in this work to fabricate and characterize the discussed samples and processes.
In chapter 2, specific basics are elucidated and an overview is given about major
works of other groups connected to the general scope of this thesis. Parts of this
section have already been published as a book chapter in [Baum11a]. Sections 4 to
7 form the scientific core of the thesis:
• In chapter 4 the nature and stability of the negative space charge within the created
local anodic oxide nanostructures will be investigated. This is a crucial question
especially for the functionalization via electrostatic attraction of positively charged
dye molecules. Combining the results of both Kelvin probe force microscopy and
optical spectroscopy of a charge sensitive dye, this is the first time that such a
stability study has been conducted. Furthermore, the water adsorption kinetics on
a nanoscale could be observed and explained with known models. This chapter has
been published recently in Nanotechnology [Baum12].
• Chapter 5 was also published in Nanotechnology in the year 2010 [Baum10]. Here
a detailed analysis of rhodamine 6G functionalized local anodic oxide nanostruc-
15
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tures has been conducted. The investigations include photoluminescence intensity,
spectra and bleaching experiments which have been performed using wide field
and confocal fluorescence microscopy and spectroscopy. The wide field and the
bleaching data have thereby been obtained during my diploma thesis.
• Similar investigations are presented in chapter 6, yet here a special perylene deriva-
tive has been used as optically active material. Also the scope of experimental
techniques was enlarged by fluorescence life time and low-temperature spectral in-
vestigations. The findings are discussed and classified in the known frameworks
of perylene aggregation and excimer formation as well as a semiconductor fluores-
cence quenching theory.
• While the previous chapters deal with the electrostatic binding of cationic dye
molecules, part 7 is about another functionalization route: the covalent binding
of fluorescein-5-isothiocyanate to the nanostructures by functional silane linker
molecules. This work was inspired by a 6 months research period at the ’Molec-
tronics’ lab of Prof. Hirokazu Tada at Osaka University in Japan. There, first
investigations about the functionalization of silicon(111) surfaces have been car-
ried out which later on could be successfully implemented on the silicon oxide
nanostructures.
Finally, in chapter 8, the major findings of this thesis are summarized and prospects
as well as open questions are briefly discussed.
16
2 Fundamentals
Within this section, the basic physical and chemical principles will be introduced
which have been used for the generation and investigation of the functional nanos-
tructures. However, due to their diversity and number, not all methods can be
explained in full detail here and the intrigued reader is asked to refer to the denoted
literature. Parts of this section have also been published as a review in form of a
book chapter [Baum11a].
2.1 Local anodic oxidation nanolithography via
AFM
In local anodic oxidation (LAO) nanolithography [Snow94, Daga95, Avou97] the
AFM tip and the substrate form the electrodes of a nanoscopic electrochemical cell,
modifying the surface by a chemical reaction (oxidation). Water is commonly used
as electrolyte for the cell but also other oxygen-containing liquids can be utilized
[Tell03]. Under ambient conditions, there is always an adsorption layer of water
both covering the tip and the sample surface. If the tip is close to the surface (some
nanometers) and a voltage is applied between probe and sample, water molecules
are polarized by the electric field and follow the field gradient. They will accumu-
late at the terminus of the tip where the field strength is maximal. If the voltage
is above a certain threshold value, a stable water bridge (meniscus) between tip
and sample surface is formed (figure 2.1A). In the case of direct physical contact
between tip and surface no voltage is needed in order to form a water meniscus.
If the electrical field strength is high enough, water is dissociated into protons and
hydroxyl anions (OH ) or even oxy anions (O 2 ). Considering the small distance
between tip apex and substrate (nm) as well as the small tip curvature radius (10
nm), such field strength is reached even for relatively small voltages in the range
of some volts. The positive protons are dragged to the tip (cathode) where they are
reduced and finally form molecular hydrogen. The negatively charged hydroxyl
anions are pulled to the silicon anode (figure 2.1B). Reaching the bulk silicon they
17
2 FUNDAMENTALS
Figure 2.1: Principle of local anodic oxidation of a silicon substrate with an AFM tip. A:
Ambient humidity and application of a DC voltage lead to the formation of
a stable wmater meniscus between tip and surface. B: Water molecules are
dissociated through the electric field; hydroxyl anions migrate to the substrate
and react with the silicon atoms under formation of silicon oxide. C: A silicon
oxide structure is forming under the tip position due to volume increase (SiO2
is more spacious than silicon).
react with it and form silicon oxide according to the following equation [Daga98]:
Si+2OH +4h+   ! SiO2+2H+ (2.1)
whereby h+ denotes a hole in the bulk silicon. As a silicon oxide molecule is more
spacious than a single silicon atom (VSi=VSiO2 = 20 A˚
3=45 A˚3 [Avou97]), there
is an increase in volume expanding in vertical direction. Due to strain relaxation
which is possible only in upward direction, an oxide protuberance forms (figure
2.1C). The ratio of height to total oxide thickness was determined to a value of 0.6
[Font98] which means that 40% of the oxide is below the surface plane and 60%
is a topographically detectable elevation. This oxidation process is self-limited and
saturates after an oxide thickness of a few nanometers [Avou97]. Dagata et al. and
Dubois et al. developed models that explain the self-limitation through the build-
up of space charge within the LAO oxide [Daga98, Dubo00] which reproduced the
experimentally obtained data very well. In order to reach the underlying silicon,
the OH  anions have to migrate through the already formed oxide. Some of them
will be trapped at unsaturated bonds within the oxide leading to a growing accu-
mulation of a space charge. This hinders the migration of further hydroxyl anions
by Coulomb repulsion as the oxide grows which finally stops the oxidation. The
size and shape of the formed oxide structures is strongly related to the extent of
the water meniscus and therefore to the humidity in the surrounding atmosphere.
The smaller the meniscus the narrower is the electrochemical cell. With a more
confined reaction, the formed oxide features are expected to be laterally smaller
in size. Especially using non-contact AFM the water meniscus can be tuned to
be very small yielding to oxide structure width below 20 nm [Call00]. Detailed
investigations of various LAO structuring parameter dependencies have been pub-
lished within the last two decades [Font98, Teus95, Snow00, Kura03, Graa08a,
18
2.2 CHEMICAL FUNCTIONALIZATION OF NANOSTRUCTURED SURFACES
Yang06a, Park04, Call00, Ley96, Oria06, Daga04, Baum11b]. It should be men-
tioned that oxidation of silicon takes also place under ambient conditions where
oxygen in the atmosphere reacts with the silicon forming a thin native oxide layer
with a thickness between 1 and 2 nm. However, the reachable oxide thickness us-
ing local anodic oxidation is about one order of magnitude larger depending on the
applied voltage and environmental conditions. LAO can not only be performed on
hydrogen-passivated silicon or silicon covered with a native oxide film but also on
silicon substrates with a thin protecting surface layer. Self-assembled monolay-
ers (SAMs) formed through covalent binding of 1-alkenes to silicon [Siev98] are
a promising system for LAO structuring. Such SAMs are very thin (around a few
nanometers depending on the alkyl chain length) but also densely packed [Fauc07]
and very stable [Sung97, Linf95], thus preventing the oxidation of the silicon by
atmospheric oxygen. Nevertheless, they allow for local anodic oxidation. If lo-
cal anodic oxidation is carried out on an alkyl-SAM terminated silicon substrate,
first the SAM is at least partially oxidized and degraded until the hydroxyl anions
reach the silicon and the oxidation of silicon takes place as mentioned above. Un-
der so-called ’soft’ oxidation conditions (low voltage, short duration), the process
can be tuned in a way that only the upper parts of the alkene molecules are locally
oxidized resulting e.g. in COOH terminal groups [Wout03]. Monolayers are not
only a suitable resist for lithographic purposes but they also allow for tuning the
surface properties of the substrate, e.g. surface hydrophobicity [Pols10]. This can
be used to influence the formed water meniscus and therefore the shape of the re-
sulting oxide structures [Baum11b]. If molecules with special anchoring groups
are used as building blocks for the monolayer, a physicochemical functionality of
the surface can be achieved. Different routes for such a chemical functionalization
will be discussed in the next chapter.
2.2 Chemical functionalization of nanostructured
surfaces
Once a local nanostructuring of the substrate has been realized, the desired ma-
terials have to be selectively immobilized on the structures. Depending on the
type of structures, a multitude of chemical routes are in discussion and have par-
tially been proven as applicable in a substantial number of publications [Daga95,
Wout09, Ravo09, Gu04, Sugi09, Wout03]. However, most cases involve either a
local mild oxidation of the monolayer only or an etching of the silicon oxide after
LAO lithography respectively. A general schematic overview of LAO structuring
and functionalization of SAM terminated silicon is given in figure 2.2. The dif-
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Figure 2.2: Different routes towards functional nanostructures on alkyl-terminated sili-
con substrates by LAO. Starting from alkyl-SAM formation on hydrogen-
terminated silicon (top) local anodic oxidation is performed either resulting
in silicon oxide structures or oxidizing only the terminal groups of the mono-
layer (middle). Bottom: the silicon oxide can be etched away resulting in
hydrogen-terminated silicon or functional species can be immobilized by ap-
propriate routes. The carboxylic groups on the monolayer can also act as
anchoring points for chemical reactions.
ferent binding mechanisms that can be used for the selective functionalization of
local anodic oxidation patterns on monolayer-terminated silicon can be classified
into three major groups:
• Intermolecular interactions
• Electrostatic / ionic interactions
• Covalent bonds
Intermolecular interactions in this context is a general term for the forces be-
tween uncharged molecules in close proximity such as dipole interactions, hy-
drogen bonds or van-der-Waals forces. Such forces can be used for the selective
binding of materials to surfaces. The surface energy of a nonpolar molecule at a
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nonpolar interface is smaller than on a polar interface, for example. If a mixture of
polar and nonpolar species (which have to be sufficiently mobile; e.g. in solution)
is exposed to a surface containing areas with different surface polarity, this leads
to a phase separation which can be used for site-selective deposition of molecules
(e.g. cyclopentane lubricants [Mo09]) or nanoparticles (e.g. CdSe/ZnS nanocrys-
tals with passivating ligands [Graa07]). However, intermolecular interactions are
mostly characterized by a much lower binding energy compared to covalent bonds
and electrostatic interactions and are also only limited to short ranges. Thus their
selectivity is not as distinctive as for the other binding mechanisms and the immo-
bilized molecules or particles can be removed easily from the structures (e.g. by
rinsing with a solvent). This means that a multi-step functionalization with differ-
ent species is very difficult in many cases, which is the reason why this binding
mechanism has not been employed in this thesis. Electrostatic interactions on the
other hand are much more long-ranged and thus are particularly applicable for the
selective immobilization of ionic materials. Local oxidation of an alkyl monolayer
under mild conditions leads to the formation of polar -COOH surface groups that
possess a negative partial charge. It has been shown that cationic molecules like
quaternary ammonium salts or positively charged gold nanoparticles can be bound
selectively to such groups [Wout03]. Also other metal ions like Fe+2 can be bound
in a similar way using the negative surface polarity of carboxyl groups generated
by local anodic oxidation [Hoep05]. Electrostatic attachment of particles is also
possible if not only the monolayer is oxidized but also the underlying silicon. The
presence of residual negative charges within local anodic silicon oxide has been
demonstrated by electrostatic force microscopy [Wout05] and Kelvin probe force
microscopy [Chie10]. The negative partial charge can be used to bind cationic
species to the surface e.g. positively charged dye molecules, thus leading to dye-
functionalized nanostructures [Graa07, Baum10]. Unfortunately, there are no in-
vestigations concerning the stability of such an electrostatic binding. A competitive
mechanism between different cationic species and partial reversibility of the bind-
ing has to be expected which makes this method also not suitable for multi-step
processing. Covalent attachment of molecules on the other hand is a highly desired
method for functionalization since covalent bonds possess comparable high disso-
ciation energy (several 100 kJ/mol) and with the knowledge about their successful
implementation on nanostructures, the whole realm of modular chemistry can be
applied (so called ’Click’-chemistry [Kolb01]). LAO on SAM-terminated silicon
is an ideal system for multi-step surface chemistry. An inert monolayer can be used
to protect the silicon against environmental influences and with the local oxidation
technique the monolayer is chemically altered or locally removed which leads to
the formation of nanoscopic oxide. It has to be regarded that only such chemical
reactions are suitable for functionalization of these silicon oxide structures which
do not corrode the monolayer (e.g. reactions in alkaline environment). Another
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important fact is that due to the confined geometry, some reactions cannot proceed
like in an isotropic solution because of steric hindrance. A short overview over the
successful chemical binding routes on confined surfaces is given in the following.
A feasible way to generate functionalized nanostructures via LAO is the mild ox-
idation of the monolayer surface groups without destruction of the monolayer or
the creation of anodic oxide. It has been demonstrated that vinyl-terminated silane
SAMs can be formed selectively after the tip-induced electrochemical patterning
of an OTS terminated silicon substrate which results in the formation of a bilayer
[Maoz00a]. Using different chemical routes the vinyl groups can be converted to
thiol groups or carboxyl groups. Thus metals (e.g. gold or silver [Maoz00b]) or
semiconductors (e.g. CdSe [Maoz00a]) can be deposited on the structures using
wet-chemical processes. Also other silanes can be bound this way which allows
for the design of laterally confined multilayer-systems [Maoz99, Haen09]. Alter-
natively, oxidation and reduction reactions can also be employed for preparation of
amine and thiol-terminated structures by local de-protection of a monolayer. Typi-
cally, a;a-dimethyl-3,5-dimethoxybenzyloxycarbonyl groups are used for protec-
tion of amines and thiols. These groups can be removed by AFM induced anodic
oxidation, which leads to amine- [Fres04] or thiol-terminated [Fres05] nanostruc-
tures that can be functionalized with dendrimers or small gold nanoparticles. It
should be noted that these kinds of selective de-protection reactions are only possi-
ble under inert atmosphere. Of course also the inverse procedure is possible: LAO
can be used to locally render a surface inert to a certain chemical treatment. Mild
scanning probe oxidation on N-hydroxysuccinimide ester-terminated monolayers
on silicon yields to the local cleavage of the functional ester groups [Yang09].
The rest of the unoxidized surface can be functionalized through a reaction with
N3(EO)3NH2. Only where LAO has been carried out, no molecules can attach
to the surface which is observed as an apparent height decrease [Yang09]. An-
other approach than mild oxidation of monolayers is to degenerate the SAM com-
pletely and produce local oxide which is etched subsequently. The etched surface
is hydrogen-terminated and can be functionalized via attachment of e.g. alkene
molecules [Ara02a]. Instead of etching, the generated oxide also could be used as
anchoring point for the attachment of silane molecules (e.g. octadecyl trichlorosi-
lane, OTS). However, a direct functionalization of the oxide seems to be much more
difficult. Most likely due to the rough nature of the anodic oxide surface as well as
its non-uniform stoichiometric composition, a formation of a densely packed and
smooth monolayer on the oxide has not been reported yet.
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2.3 Optical investigation of the functionalized
structures
Fluorescence microscopy and spectroscopy is a versatile tool which has become
a standard technique in many branches of physics, chemistry and biology. One
of the most advantageous qualities of these methods is that the measured photo-
physical properties of the investigated entities (e.g. dye molecules or nanocrystals)
allow a deep insight into other fundamental physical or chemical processes within
themselves or their direct environment. Thus fluorescent molecules or other parti-
cles can be utilized as probes which are reliable, comparably cheap and relatively
easily accessible by experiment. However, the interpretation of the measured data
is in many cases not trivial. Fluorescence is a quantum-mechanical process orig-
inating from the electronic structure of matter. Especially for organic molecules,
Figure 2.3: Possible de-excitation pathways of excited molecules. Adopted from
[Vale02], p. 10.
there is a strong interplay between their electronic structure, molecular geometry
and the electronic structure of the environment. Once the molecule has been ex-
cited, there are different de-excitation pathways in which fluorescence is only one
amongst many. Figure 2.3 gives an overview of the involved processes. Of course,
these pathways are not independent from each other but often connected, e.g. an
energy transfer or an excimer formation may require a conformational change or
rearrangement of the involved molecules [Kash65]. The time scales on that those
processes take place can also be very different, ranging from 10 12 s for vibrational
relaxations to seconds for triplet relaxation (phosphorescence) [Vale02]. Usually,
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it is only possible to measure few of these mechanisms by experiment (often: flu-
orescence). If other pathways are involved which are not directly accessible by
experiment, then models have to be conceived and certain assumptions about the
other processes have to be made, which generally require a detailed knowledge
about the investigated system in a molecular picture. In the following, the relevant
properties and processes for the measurements and explanations used in this the-
sis are presented briefly. There are three major characteristics of the fluorescence
emission: photoluminescence (PL) intensity, PL spectrum and PL life time. The PL
spectrum originates from the transitions of electrons between different molecular
energy levels (orbitals) or states and thus represents the electronic structure of the
emitters. The life time is a measure for the rates (or probability) for the transitions
between the energy levels. It is important to remember, that in most cases there is a
competition between different de-excitation pathways, each with a different proba-
bility or rate. If the molecule is in the excited state S1, then the measured life time





with kr being the rate constant for radiative de-excitation of S1 with emission of flu-
orescence emission and knr being the rate constant for non-radiative de-excitation
of S1. For multiple non-radiative processes, knr is the sum of the rates of the re-
spective sub-processes. If the probability for non-radiative processes is very high
(knr  kr), the measured life time ts becomes very small which is denoted as flu-
orescence quenching. The relation between radiative and non-radiative rates deter-
mines also the PL intensity. However, the absolute measured intensity of the fluo-
rescence emission depends not only on the quenching but also on other factors such
as excitation power, excitation wavelength, dipole orientation and re-absorption,
whereas ts does not. In the case of an aggregation or self-assembly of organic
dye molecules on nanostructures, these entities can no longer be regarded as single
(or ’free’) emitters but there is often an interaction between the molecules which
may have a strong influence on their electronic and therefore optical properties.
The interaction of the forming molecular aggregates can be described by different
approaches such as quantum mechanical wave function formalisms or molecular
orbital theory [Kash65] and a substantial amount of theoretical works have been
engaged with this topic. Many effects, however, could be understood with the
help of a quasi-classical vector exciton model mainly developed by Kasha and co-
workers [Kash65]. Here, the excited state resonance interaction is understood as
the electrostatic interactions of the molecular transition dipole moments. For rea-
sons of simplicity, the following considerations are made for a dimer formation.
For higher oligomers the general concept is the same, though the mathematical so-
lutions become much more complicated. The energy of the excited state of a dimer
splits into the two levels E 0 and E 00, depending on the relative orientation of the
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transition dipoles of the two involved molecules. Figure 2.4 illustrates this in an
exciton band energy diagram. For parallel transition dipoles (figure 2.4a), the out-
Figure 2.4: Exciton band energy diagram for a molecular dimer with a) parallel and b)
in-line transition dipoles. Adopted from [Kash65].
of-phase dipole arrangement corresponds to the lower energy E 0 and an in-phase
orientation to the higher energy E 00. Due to the conservation of oscillator strength,
only the transition between ground state and the state with in-phase orientation of
the dipoles is allowed (= transition to or from the higher energy level E 00). Such
dimers with parallel transition dipole moments are also called H-aggregates. They
are usually characterized by a hypsochromic shift (to lower wavelengths) in the
absorption spectrum. For in-line transition dipoles on the other hand, the in-phase
arrangement (and therefore allowed transition) corresponds to the low energy state
E 0 (figure 2.4b). Those so called J-aggregates are characterized by a bathochromic
shift (to longer wavelengths). For any orientation of the dipoles apart from these
two border cases, the energies of the respective levels change intermediately ac-
cording to certain relations which are not stated here but can be found in the re-
spective literature [Kash65]. It has to be noted, that for H-aggregates, an emission
from the energetic higher level E 00 does not necessarily mean a blue-shift of the
dimer fluorescence compared to the monomer emission. This is due to the Franck-
Condon principle. The energy of each electronic state of a molecule is a function
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Figure 2.5: Energy diagram for the explanation of the Franck-Condon principle in the
case of a diatomic molecule. Adopted from [Vale02, Somo06].
of the nuclear coordinates and can be described by a Morse potential curve (fig-
ure 2.5). According to the model of a quantum mechanical oscillator, different
vibronic states exist within this potential. The electronic potential curve of the first
excited state is shifted compared to the ground state, as the new configuration of
the electrons in the molecular orbitals leads to a change in the equilibrium posi-
tion of the nuclei constituting the molecule. As electronic transitions occur very
fast (10 15 s) compared to the slower movement of the nuclei, only vertical tran-
sitions between the vibronic levels of ground state n0 and excited state n00 occur.
Quantum mechanically, this is explained by the fact that a such a transition is more
likely if the vibrational wave functions overlap more significantly. According to
Kashas rule the electrons in higher vibrational sub-levels will quickly relax into the
vibrational ground state by non-radiative processes. Thus the optical transition is
mainly originating from the vibrational ground state. As it can be easily seen in
figure 2.5, the shift in nuclear coordinates upon excitation Dq leads to the typical
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red-shift of the emission compared to the absorption. If for a parallel dimer (H-
aggregated molecules), the change of the nuclear coordinates in the excited state is
significantly larger than for the monomer, then its fluorescence emission may pos-
sess an even lower energy than the monomer emission. If the dimeric molecule is
only formed if one of the both constituents is an electronic excited state, then it is
referred to as excimer (excited dimer). For a detailed investigation of the involved
energy levels, scientists usually employ a combination of concentration dependent
spectroscopic measurements including absorption, excitation and emission spectra.
Such experiments can be relatively easily obtained in ensemble measurements (e.g.
in solution) but are hardly accessible for the investigated systems in this thesis. Ab-
sorption and excitation experiments require a transparent substrate, knowledge of
the dye concentration and a well-defined excitation/detection geometry and tun-
ability. As those conditions are not given for dye-functionalized nanostructures on
silicon substrates, investigations remain limited to fluorescence emission, which
complicates the interpretation of the spectroscopic data.
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Most of the relevant experimental details are described in the respective experimen-
tal sections of chapters 4 to 7. This section will only provide exceeding information
on used setups and methods.
3.1 Alkyl SAM formation on silicon substrates
As substrates for the alkyl monolayer formation double-side polished n-type sil-
icon(100) has been used. The silicon wafers with a resistivity of >3000 Wcm
were delivered by the Center for Microtechnologies (ZfM/Fraunhofer ENAS) at the
Chemnitz University of Technology and came cut in pieces of 1 cm x 1 cm. The
monolayer preparation was carried out in three steps: cleaning, native oxide re-
moval and monolayer formation (radical chain reaction). The substrates have been
cleaned using acetone (C3H6O, ”Uvasol for spectroscopy”, Merck) and ethanol
(C2H5OH, ”Uvasol for spectroscopy”, Merck). Acetone and ethanol treatment has
been carried out in an ultrasonic bath under 40 C to increase the cleaning effi-
ciency. Subsequently, the sample was sonicated in Piranha at 60C. Piranha is the
common name for an acid mixture consisting of 40% hydrogen peroxide (H2O2,
30% ”Suprapur”, Merck) and 60% sulfuric acid (H2SO4, 96% ”Suprapur”, Merck).
Afterwards the samples have been rinsed thoroughly with Millipore (ultra-clean
demineralized and deionized water, resistivity of > 18 MWcm) and dried in a ni-
trogen stream.
In a next step the samples were etched in aqueous hydrofluoric acid (HF, 40%
”Suprapur”, Merck) solution (3-4 % in volume) for 3 minutes at room temperature.
This removes the native oxide covering the silicon and generates the hydrogen ter-
minated silicon surface which is needed for the monolayer formation. Immediately
after the etching the samples were transferred without further treatment into the
liquid alkene.
All organo-silicon monolayers used during the presented experiments have been
prepared using 1-dodecene (C12H25, for synthesis, Merck) in pure form. The
alkene has been deoxygenated with argon gas at least 30 minutes prior to the re-
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action and the argon flow was also sustained during the reaction. Eliminating the
oxygen (and other reactive gases) from the solution is necessary to avoid an un-
wanted oxidation of the silicon surface and to prevent reactions with the radicals
formed during the radical chain reaction. To activate the self-assembly reaction,
the solution with the substrates was heated up to 190C for at least 7 hours. Af-
terwards the samples with the formed densely packed and well-ordered monolayer
have been sonicated for 5 minutes in dichloromethane (CH2Cl2, ”Uvasol for spec-
troscopy”, Merck) and ethanol followed by drying in a nitrogen stream.
3.2 AFM and KPFM
As far as not stated otherwise, AFM experiments have been carried out using an
Anfatec Level AFM with a 24 bit DS4L controller. The scan range of the piezo
stage of the AFM was about 55 µm x 55 µm in lateral direction and 5 µm in z-
direction. The nominal resolution in x- and y-direction is about 0.45 nm and in
z-direction roughly 0.08 nm. The controller outputs were amplified by several sta-
bilized high voltage amplifiers. Samples have been mounted on the scanner by
pinning them on a metal substrate holder with a small magnet. The used AFM
tips possessed a tip radius of around 40 nm for metal coated tips (”NSC18 Ti/Pt”,
”CSC36 Pt”, Mikromash) or 10 nm for pure silicon tips (”NSC15 HD”, Mikro-
mash). Image acquisition and instrument control have been carried out using the
Anfatec Scan SXM software and drivers for the instrument. AFM image analy-
sis was performed with ”WSxM Scanning Probe Microscopy evaluation software”
(Nanotec Electronica)1.
1I. Horcas, R. Fernandez, J.M. Gomez-Rodriguez, J. Colchero, J. Gomez-Herrero and A. M. Baro. Rev.
Sci. Instrum., Vol. 78, 013705, 2007
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3.3 Spectrally and temporally resolved
fluorescence microscopy
3.3.1 Wide-field microscope setup
The home-built wide-field microscope setup is mounted on an optical table for vi-
bration damping. A schematic of the instrument is shown in figure 3.1. The laser
source (argon ion laser, ”Innova 310”, Coherent) is located on another table and
the 514 nm laser line is coupled into a fiber optics and guided to the microscope
table. Arrived at the microscope table, the laser light is intensity-stabilized using an
electro-optic modulator (”E.O.Modulator 370”, ConOptics Inc.). The linear polar-
ized laser beam is circularly polarized with a l=4 plate and spectral filtered using
a 514 nm band-pass filter. Via a dichroic beam splitter (”525 DRLP”, Omega) the
laser light is passed through the objective (”Epiplan Neofluar”, 100x, NA 0.9, Carl
Zeiss AG, Germany) and is focused on the sample as a spot with a diameter of
approximately 25 µm. The sample itself is placed on an x-y translation stage.
Figure 3.1: Schematic of the wide-field microscope setup. Adopted from A. Issac. Pho-
toluminescence Intermittency of Semiconductor Quantum Dots in Dielectric
Environments. PhD thesis, University of Technology Chemnitz, Germany,
2006.
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The light emitted and reflected by the sample passes the same way back through
the objective, passes the beamsplitter and is focused with an achromatic lens on
an intensified CCD-camera (”Pentamax-512EFT”, ”Gen IV Intensifier”, Princeton
Instruments, USA). To filter the fluorescence light, a long-pass filter (”3RDLP530”,
Omega) has been used. The irradiance applied during the experiments was in the
range of some 100 Wm 2. The CCD-chip in the camera has a resolution of 512 x
512 pixel and operates at a temperature of -25C (thermoelectrically cooled). The
image from the CCD-camera is transferred to the computer via a frame grabber
card and could be viewed in real-time with the ”WinView” software (V 2.5.25.5,
Roper Scientific).
3.3.2 Confocal microscope setups
Sample scanning confocal microscope (SSCM)
A schematic drawing of this home-built confocal microscope setup is shown in
figure 3.2. The 465 nm excitation light from a pulsed laser diode (”LDH-P-C-
470”, Picoquant GmbH) with adjustable repetition rate and a narrow pulse length
of 75 ps, is focused on the sample using an objective lens (100x, 0.9 NA, ”EC
Epiplan Neofluar” Carl Zeiss, Germany). The fluorescence light from the sample
is collected with the same objective and separated from the reflected excitation light
by a dichroic mirror (”z 470 RDC”, AHF Analysetechnik GmbH, Germany) and a
fluorescence filter at 480 nm (Omega Optics Inc.). Using a beam splitter one part of
the fluorescence light is focused on an avalanche photodiode (”SPCM-AQR-14”,
Perkin Elmer), the other part is coupled into a spectrometer (”Shamrock SR-163/
SR1-GTR-600-500”, Andor Technology) with a thermoelectrically cooled CCD
camera (”Newton DU971N-BV”, Andor Technology) as detector. The detection
range of the spectrometer was adjusted to 480 nm to 655 nm. The triggering of
the position controller of the piezo scan-stage as well as the read-out of the APD
signal is realized by a home-written software. For easier retrieval of the structured
surface region, the setup can be converted to a wide field operation mode via white
light source, imaging camera and retractable mirror/beam splitter.
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Figure 3.2: Scheme of the SSCM setup. For details see text. Abbreviations: ND neutral
density, LP long pass filter, SP short pass filter, CCD - charge-coupled-
device camera, APD avalanche photo diode.
Laser scanning confocal microscope (LSCM)
The LSCM setup is also home-built and schematically visualized in figure 3.3. The
488 nm line of an Ar/Kr laser (”Innova 70C-Spectrum”, Coherent) has been used
as excitation light. The laser beam was focused on the sample by either a 63x
cover-glass-corrected air-immersion objective (”LD Plan-Neofluar”, Carl Zeiss,
Germany) with a numerical aperture of NA=0.75 for experiments using a cryo-
stat or standard 100x objective (0.9 NA, ”EC Epiplan Neofluar”, Carl Zeiss, Ger-
many) for experiments at ambient conditions. The sample was placed in a flow
cryostat (”ST-500H”, Janis), evacuated to a pressure in the range of 10 5 mbar us-
ing a vacuum pump and cooled down using liquid nitrogen. An avalanche photo
diode (”SPCM-AQR-16”, Perkin Elmer) with a very low dark count rate has been
used as luminescence detector. The excitation light was blocked by a long pass
filter (”502ALP”, Omega Optical) in the detection path. In front of the detector
a beam splitter couples 75% of the fluorescence light into a spectrometer (”Acton
SpectraPro-275”, Acton Research Corp.) with a liquid nitrogen cooled CCD cam-
era (Princeton Instruments) as detector. A standard data acquisition and control
board (”ME-SlyFoXX ME-4670”, Meilhouse Electronics) processes the detector
signal from the APD. The scanning mirror is controlled by a motion controller
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(”XPS”, Newport). Signal acquisition and scanning controls are operated by a
home-written software. For easier retrieval of the structured surface region, the
setup can be converted to a wide field operation mode via white light source, imag-
ing camera and retractable mirror.
Figure 3.3: Scheme of the LSCM setup. For details see text. Abbreviations: BS beam
splitter, LP long pass filter, CCD - charge-coupled-device camera, APD
avalanche photo diode .
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4 Detection and stability of nanoscale
space charges in local oxidation
nanolithography
Abstract
We report on the stability of space charges within nanoscale silicon oxide patterns
generated by atomic force microscope tip-induced local anodic oxidation of alkyl-
terminated silicon. Surface potentials of these structures are investigated using two
different approaches: Kelvin probe force microscopy and spectroscopy of adsorbed
charge-sensitive dye molecules. Both techniques prove that there is no decay of the
space charge itself at least for several days. The apparent decrease of the surface
potential measured with the Kelvin probe method is known to be influenced by the
ambient humidity. It is supposed to be caused by a screening effect through the
formation of a water layer. This is confirmed by our investigation of the surface
potential decrease kinetics which could be well-fitted with an adapted model of
water condensation. The fluorescence of the charge-sensitive dye di-4-ANEPPS,
which is applied to the structures, shows a spectral shift of about 270 meV com-
pared to uncharged silicon oxide surface. The high stability of the charges supports
the use of local anodic oxidation patterns as templates for selective immobilization
of cationic species.
The content of this chapter is published in [Baum12]:
T. Baumga¨rtel, C. v. Borczyskowski and H. Graaf, ”Detection and stability of
nanoscale space charges in local oxidation nanolithography.” Nanotechnology, Vol.




Local anodic oxidation (LAO) nanolithography by atomic force microscope (AFM)
is a reliable and versatile method to create nanoscaled patterns on metal or semi-
conductor surfaces [Garc06, Ara02b, Yang09, Baum11a]. The general working
principle of LAO is an electrochemical reaction which is spatially confined by the
AFM tip sample geometry (for details about the oxidation process see [Yang06b].
In the case of a silicon substrate, silicon oxide is formed which expands above the
sample surface resulting in a topographic structure. Moving the AFM tip during ox-
idation and controlling the oxidation parameters such as speed and voltage enables
to draw various structures which can be used as templates for further functional-
ization [Baum11a, Wout03] or to build electronic nano-devices [Mart08]. The ox-
idation process itself is self-limited and saturates after an oxide thickness of a few
nm [Avou97]. Dagata et al. and Dubois et al. developed models that explain the
self-limitation through the build-up of space charge within the LAO oxide which
reproduced the experimentally obtained data very well [Daga98, Dubo00].
Recently, Chiesa and Garcia [Chie10] verified the existence and the sign of the
space charge in local anodic oxide on silicon by Kelvin probe force microscopy
(KPFM) [Nonn91, Pale06]. From their KPFM data they calculated charge den-
sities of about 1017 cm 3 and found that the measured KPFM signal depends on
the ambient humidity. For increasing ambient humidity there is a decrease of the
measured surface potential which they attributed to a screening effect of the water
which adsorbs on the oxide pattern. The negative space charge can be used to im-
mobilize cationic species like dye molecules selectively on the structured surface
[Baum10, Graa07]. For a possible application of the electrostatic attachment it is
important to know how stable these charges are, which has not been investigated
so far. It is known from AFM-induced charging experiments on silicon oxide films
that the introduced charges dissipate rather quickly (usually within several minutes
to hours) [Buh01, Enik04]. However, in such experiments electrons were deposited
into more or less stoichiometric oxide where in the case of space charges within the
LAO oxide, the charge carriers are OH- ions that are trapped within a nonstoichio-
metric environment. It is therefore reasonable to assume that the charges within the
LAO oxide are much more stable than electrons or holes inserted in thermal silicon
oxide.
Another important issue is the quantitative interpretation of KPFM measurements
on insulating surfaces. In the case of metallic or semiconducting substrates, KPFM
probes the contact potential difference (CPD) between tip and sample surface,
whereby the measured surface potential is a convolution of the ’real’ surface poten-
tial of the sample and a transfer function which is determined by the tip-sample
geometry [Stra05]. However, for dielectric surfaces such as silicon oxide, the
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CPD is not well-defined as insulating thin films cannot be regarded as equipo-
tential and a simple capacitor model is no longer valid for the tip-sample system.
Additionally, dielectrics may possess surface charge and dipole layers which con-
tribute to the Coulomb interaction between tip and sample [Shen08]. Calculat-
ing the charge density in dielectrics directly from the measured KPFM data is
generally not possible as it is an inverse potential problem with insufficient data
[Shen08]. Therefore we also probed the potential of the charged LAO oxide by
using a special dye molecule which is spectroscopically sensitive to electric fields.
Such molecules have been successfully used to measure surface polarity[Macq99],
membrane potentials[Mont89] or charge transfer processes in silicon nanoparticles
[Mart05]. In this paper we will present results on the stability of the space charge
in oxide nanostructures generated by LAO of alkyl-passivated silicon. The charge
has been measured by KPFM at different humidities as well as by the fluorescence
emission of the charge-sensitive dye di-4-ANEPPS.
4.2 Experimental
All local anodic oxidation experiments were carried out on weakly doped n-type
silicon (resistivity>3000Wcm) substrates with a self-assembled monolayer (SAM)
of dodecene molecules as surface coating. Details of the preparation process are
described elsewhere [Baum10, Graa07, Linf95]. The SAM prevents the oxidation
of the silicon by ambient oxygen and yields to a well-defined and adjustable surface
chemistry. Yet local anodic oxidation is still possible, as the SAM is decomposed
during the process. This leads to a silicon oxide nanostructure on a chemically dif-
ferent alkyl-terminated silicon surface. LAO experiments, topography and KPFM
measurements were conducted with an Anfatec Level AFM (Anfatec GmbH, Ger-
many) using platinum coated silicon tips (NSC18/Pt, resonant frequency 75 kHz,
spring constant 3,5 N/m Mikromash, Estonia). For the generation of the investi-
gated oxide structures, a voltage of -9 V was applied to the AFM tip while scan-
ning a 3 µm x 3 µm image in contact mode with a tip velocity of 1 µm/s at a relative
humidity (RH) of about 67%. Figure 4.1a shows a scheme of the local anodic oxi-
dation on alkyl-terminated silicon. Topography and KPFM investigations were car-
ried out simultaneously in non-contact operation (see figure 4.1b) and subsequent
KPFM images were taken over at least 24 hours. To control the humidity of the am-
bient atmosphere the microscope was placed under a closed PMMA dome which
can be purged with dry nitrogen or water vapor-saturated nitrogen. The humidity
was measured using a SHT15 digital humidity sensor (Sensirion AG, Switzerland)
For the optical investigations, a 50 µM solution of the charge-sensitive dye aminon-
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Figure 4.1: Schematic description of a) local anodic oxidation nanolithography of alky-
terminated silicon and b) AFM and KPFM measurement of the space charge
within the local oxide.
aphthylethenylpyridinium (di-4-ANEPPS, molecular probes, Invitrogen Inc., see
figure 4.2) in ethanol was spincoated on the structured substrates as well as on a
reference sample of silicon with a 4 nm thermally grown oxide layer. The refer-
ence sample was cleaned by an ultrasonic baths in acetone, ethanol and a mixture
of H2SO4 and H2O2 (60:40 vol. %, Piranha solution) and afterwards thoroughly
rinsed with MilliQ water. Optical measurements were performed using a home-
built confocal microscope setup. The 465 nm excitation light from a pulsed laser
diode (LDH-P-C-470, Picoquant GmbH) is focused on the sample using an objec-
tive lens (100x, 0.9 NA, Zeiss EC Epiplan Neofluar). The fluorescence light from
the sample is collected with the same objective and separated from the reflected
excitation light by a dichroic mirror (z 470 RDC, AHF Analysetechnik GmbH,
Germany) and a fluorescence filter at 480 nm (Omega Optics Inc.). Using a beam
splitter one part of the fluorescence light is focused on an avalanche photodiode
(Perkin Elmer, SPCM-AQR-14), the other part is coupled into a spectrometer (An-
dor Technology, Shamrock SR-163/ SR1-GTR-600-500) with a thermoelectrically
cooled CCD camera (Andor Technology, Newton DU971N-BV) as detector. The
detection range of the spectrometer was from 480 nm to 655 nm.
Figure 4.2: Chemical structure of di-4-ANEPPS.
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4.3 Results and Discussion
4.3.1 KPFM investigations
Figure 4.3a shows the non-contact AFM image of a typical rectangular local oxide
pattern on dodecyl-terminated silicon. The oxide height above the surface is about
3.5 nm. Since 40% of the oxide is below the silicon interface [Font98] and the
dodecene monolayer (thickness  1.3 nm [Siev98]) decreases the apparent height
(see experimental section, fig. 4.1), the total thickness of the LAO oxide can be
calculated to about 8 nm.
Figure 4.3: a) AFM non-contact topography image of a nanolithography oxide structure
on a dodecyl-terminated silicon surface. b) KPFM image of the structure
47 min after generation at 51% RH. c) KPFM image of the same structure
1034 min after generation at 51% RH. d)-f) profile section along the green
lines in the respective images in a)-c).
The KPFM image in figure 4.3b indicates that the structure is charged negatively as
the surface potential of the local oxide is about 185 mV lower than of the dodecyl-
terminated silicon. By solving the one-dimensional Poisson equation and assuming
a uniform charge density, Chiesa and Garcia derived the following approximation
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with er being the relative permittivity of the LAO oxide, e0 the vacuum permittivity
and d the total oxide thickness [Chie10]. With equation (4.1) and the assumption
that er = 3.9[Sze81], we can calculate a space charge density of 1.25 x 1018 cm 3
for the oxide structure in figure 4.3b. This is a higher value than in the experiments
of Chiesa and Garcia who calculated charge densities in the order of 1017cm 3
yet this deviation may be a result of the used silicon. Our experiments were con-
ducted on weakly doped n-type silicon as substrates, whereas Chiesa and Garcia
used higher doped silicon. As they also found a clear difference in the charge den-
sities (about a factor two) for differently doped silicon (p-type and n-type), a strong
effect of the silicon doping on the charge density within the local oxide has to be
presumed. However, as it can be seen from figure 4.3c, 17 hours after the prepara-
tion of the structure, the measured surface potential decreased by about 73% (135
mV) when exposed to a relative humidity of 51%. It is known from previous KPFM
studies on dielectric surfaces that water which adsorbs on the surface in a humid
atmosphere shields the surface potential and thus decreases the KPFM contrast
significantly [Sugi02]. In order to investigate the dynamics of this adsorption and
shielding process on the charged oxide nanostructure, we continuously scanned a
freshly prepared LAO structure for several hours, taking an image approximately
every 47 minutes. This type of measurement was performed in an atmosphere with
a relative humidity of 51% and for another sample under nitrogen flux (< 4% RH).
For a precise determination of the surface potential difference (SPD) between oxide
nanostructure and unstructured sample surface, histograms of the obtained KPFM
image sections have been fitted with Gaussian curves. The SPD is the difference of
the central values of the Gaussian peaks. The time dependent curves for the SPD
for the two different relative humidities are displayed in figure 4.4. For better com-
parison, the SPD values have been normalized to the initial value at t = 48 min. It
has to be noted that the absolute initial SPD values measured in humid atmosphere
are about three times smaller than in dry atmosphere. In a dry nitrogen atmosphere,
the surface potential difference is nearly constant even for long observation times
t. There are some slight variations though, which may be connected to either small
fluctuations of the ambient humidity below the detection limit of the humidity sen-
sor or to a degeneration of the AFM tip (abrasion or accretion of contaminants).
When exposed to a more humid environment however, there is a strong decrease of
the SPD within the first 5 hours after the generation of the oxide structure. After 10
hours, the surface potential of the structure remains nearly constant yet it is unequal
to zero but in the order of 50 mV (see also figure 4.3c). Obviously the water layer
does not shield the surface potential of the structure completely but a small KPFM
contrast remains detectable. Muster et al. investigated the water adsorption kinetics
on silica nanoparticles and stated that the water uptake on the silicon oxide surface
is governed by two first-order processes: (1) adsorption of water molecules onto
surface hydroxyl groups occurring at sub-monolayer coverage and (2) condensa-
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Figure 4.4: Surface potential difference as a function of time for dry (red triangles) and
humid (blue squares) atmosphere. For better comparison the data has been
normalized to the initial value at t = 48 min. The values for humid air have
been fitted with an exponential decay according to equation 4.5
tion of water to form multilayers [Must01]. They proposed the following kinetic










where G0 is the total amount of adsorbed water according to process (1) occurring
with a rate constant k1 and GC is the equilibrium water uptake due to condensation
(2) with the rate constant of condensation k2. Assuming that the rate for adsorption
on hydroxyl-groups is significantly larger than for condensation (k1 k2), equation






Furthermore it is expected that the surface potential difference is indirectly propor-
tional to the thickness of the adsorbed water film (or to the amount of adsorbed
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with the parameters A and B representing the respective effects of the water adsorp-
tion G0 and GC on the SPD. The fit via nonlinear regression is in good agreement
with the experimental data. The obtained rate constant for condensation k2 = 4.15
x 10 5 s 1 is about one order of magnitude smaller than found by Muster et al. for
the silicon dioxide nanoparticles [Must01]. However, this is understandable since
for their water adsorption measurements they used air with saturated water vapor
(100% RH) while in our experiments the relative humidity was about 50%. From
kinetic gas theory it can be derived that the flux of incident gas molecules on a
unit surface area is directly proportional to the partial pressure of the gas above
the surface (Hertz-Knudsen-Equation). As the partial water vapor pressure at 50%
RH is half of the saturated water vapor pressure, the flux of incident molecules
and therefore the condensation rate should be smaller by at least a factor of two.
Another aspect that may further decrease the condensation rate is the unknown sur-
face chemistry of the silicon oxide nanostructure itself. Time-of-flight secondary
ion mass spectroscopic investigations revealed that silicon oxide nanostructures
produced by anodic oxidation of silicon covered by an organic monolayer contain
substantial amounts of organic CxHyO molecules [Pign03]. This suggests that the
monolayer is not fully degraded during oxidation but parts of the organic molecules
that formed the SAM are incorporated within the anodic oxide (presumably at the
top layers of the oxide). Therefore the surface of the local anodic oxide on SAM-
terminated silicon may possess areas with hydrophobic carbon chains that hinder
the adsorption of water. The thickness of the water layer is clearly an equilibrium
parameter which depends on the surrounding humidity. After the time series of
the KPFM images at 51% RH was taken, the humidity inside the measurement
chamber was reduced to below 5% starting from 1035 min for about 30 min. We
found that the SPD increased about 63% after 78 minutes within the dry atmosphere
which confirms an at least partial reversibility of the layer build-up.
4.3.2 Optical investigations using charge sensitive dye
Figure 4.5a shows a typical confocal microscope fluorescence image of a square
LAO oxide structure after di-4-ANEPPS treatment. The charge sensitive dye is
presumably deposited on the whole sample surface during the spin coating process
but it can only be optically detected on the local oxide. Reason for this is a strong
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quenching of the dye fluorescence by an effective energy transfer to the underlying
silicon. The dye molecules on the oxide structure are separated from the silicon by
the oxide (thickness = 8 nm) while the dye molecules on the rest of the surface are
much closer to the silicon (1.3 nm = thickness of the dodecene monolayer). Since
the energy transfer between the dye molecules and the silicon depends strongly
on their spacing ([Sluc95]), molecules on the oxide structure show a detectable
though weak fluorescence whereas the fluorescence from molecules on the un-
structured surface is quenched below the detection limit. The emission spectrum of
Figure 4.5: a) Confocal microscope image of di-4-ANEPPS spincoated onto a substrate
containing a square LAO structure. The excitation power was about 2 µW and
the integration time 5 ms for each pixel. b) Emission spectra of di-4-ANEPPS
on the structure (black) and on an uncharged reference substrate with 4 nm
thermal oxide (blue). Spectra were integrated over 5 s and 30 s respectively.
The spectral range of the spectrometer is limited to 655 nm.
di-4-ANEPPS on the local anodic oxide structure is displayed in figure 4.5b (black
curve). Compared to the emission of the dye deposited on uncharged thermal ox-
ide of similar thickness (blue curve), there is a pronounced blue-shift of about 267
meV (80 nm). The double peak sub structure of the emission on thermal oxide is
supposed to be a result of the piranha cleaning of the substrate which leaves the sur-
face terminated with hydroxyl groups. Some of the di-4-ANEPPS molecules which
are very close to those groups may be influenced by their partial negative charge
thus showing a relatively small blue-shift. Other dye molecules which are not close
to the hydroxyl groups possess a wavelength of maximum emission similar to that
on quartz glass (around 650 nm[Mart05]). The strong blue-shift of the emission
on the LAO oxide structure is most likely caused by the space charge within the
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oxide. Reason for this is an electrochromic mechanism where the energy of the
electronic transition is altered in presence of an external field [Fluh85, Loew78].
From experiments with di-4-ANEPPS bound to hemispherical lipid bilayers it is
known that the fluorescence emission maximum changes from 640 nm to 540 nm
(DE = 359 meV) upon a change of the transmembrane potential in the order of
-100 mV [Fluh85]. Thus the shift of 267 meV in case of di-4-ANEPPS on the
charged oxide structure would suggest a smaller absolute value of the surface po-
tential. However, it should be noted that is not possible to directly compare both
measurements quantitatively. The spectral response of an electrochromic dye on
the electric field depends strongly on the orientation of the dipole moments of the
ground and the photoexcited state and therefore on the orientation of the molecule
[Loew78]. To correlate the spectral changes with a certain surface potential, a
calibration measurement has to be performed for each system. For measurements
where di-4-ANEPPS is used to monitor membrane potentials, the dye is incorpo-
rated into a lipid double layer. It will self-align, orienting its polar SO 3 group
towards the layers outer face and the hydrocarbon chains at the other end of the
molecule towards the hydrophobic interior of the layer: the molecules orient with
their long axis parallel to the surface normal and thus parallel to the electric field.
The transition moment of di-4-ANEPPS is very likely aligned along the long axis
of the p-system, as it was shown for other amino-pyridinium dyes [Loew81]. With
the transition moment parallel to the electric field, a maximal spectral response
is expected for the dye adsorbed into the bilayer membrane. In the case of di-4-
ANEPPS on the charged local oxide, on the other hand, no perpendicular alignment
to the surface is expected. The negatively charged SO 3 group is repelled from the
also negatively charged oxide and the hydrophobic and polar hydrocarbon chains
at the other end of the molecule have also no affinity for the more hydrophilic and
polar oxide surface. Thus the molecules should tend to adsorb rather parallel to
the surface. This means their transition moment is less parallel to the electric field
and therefore a smaller shift of the emission spectrum is expected even though
the surface potential might be larger than in the case of the membrane measure-
ments (-100 mV). Despite the lack of a definite quantification due to the unknown
molecular orientation, nevertheless relative measurements of the time-dependence
of the surface potential can be conducted. In order to investigate the stability of the
charge, the emission spectra have been investigated 2 h, 5 h and 42 h after gener-
ation of the LAO structure (a continuous investigation of the same structure is not
possible as the dye bleaches rapidly due to the necessity of a relatively high excita-
tion power). The blue-shifted emission spectra have been fitted with a Gauss type
distribution to determine the peak position more precisely (see figure 4.5b), red
curve). Table 1 summarizes the results for different observation times after prepa-
ration as well as values from the literature. Even 42 h after the structure has been
generated, the surface potential has not decreased but our results indicate a slight
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enhancement as the blue-shift increases even further. As it is very unlikely that the
number of charges within the oxide increases, this effect may be connected with a
rearranging of either the dye molecules or the charges within the oxide. Since the
optical probes have been deposited on the substrate directly after the generation of
the oxide structures and are in closest proximity to the space charges, a possible
condensation of ambient water has no strong influence. The water condenses on
top of the di-4-ANEPPS film, and thus has no shielding effect for the local charge
within the oxide.
Table 4.1: Fluorescence maximum position lmaxem and Emaxem of di-4-ANEPPS on different
systems.
surface / condition lmaxem [nm] Emaxem [nm]
on quartz 655a 1.893
on thermal oxide (”piranha”-treated, 4 nm) 651 1.905
on LAO oxide
- after 2 h 571  2 2.171
- after 5 h 561  2 2.210
- after 42 h 559  2 2.218
on lipid membrane 640b 1.937
on lipid membrane at -100 mV membrane potential 540b 2.296
a from Ref. [Mart05] b from Ref. [Fluh85]
As far as any qualitative understanding of the observed effects is developed, until
now it is still unclear which type of probing technique delivers the more correct
quantification of the surface potential. On the one hand, electrochromic dyes as
molecular probes are likely to possess a higher local sensitivity than KPFM. Yet the
influence of the local electric field on the electronic structure of the chromophore
is not easily assigned (unknown dipole orientation). At a first glance, KPFM data
seems to be more reliable and easily evaluable as the electro-physical principles
behind the measurement are well-understood. However, as mentioned above, there
are many obstacles in the case of KPFM on dielectric materials as the work func-
tion is not defined, a simple capacitor model is not applicable and there may be a
formation of surface charges or surface dipoles. Furthermore the KPFM signal is
not only determined by the interactions between tip apex and underlying substrate
but is also strongly affected by the electric coupling between the whole sample and




Summarizing, we investigated the influence of ambient humidity on the measured
KPFM images of charged silicon oxide nanostructures. In a nitrogen atmosphere
there is practically no decrease of the surface potential on the nanostructures which
indicates a high stability of the incorporated charges. The time dependence of the
KPFM signal in the case of a humid environment could be fitted using an adapted
model from the kinetics of the adsorption water layer thickness. Together with the
found partial reversibility of the KPFM signal decrease, the shielding effect of an
adsorption water layer was further proved. The local space charge within the oxide
was also probed using the charge-sensitive dye di-4-ANEPPS. A strong spectral
blue-shift of about 270 meV was found for the dye emission on the charged oxide
structure. The shift increases slightly within the first hours but is also stable for at
least 42 h. While the results for the different probing techniques are qualitatively
similar, our results indicate that an absolute quantification of the space charge re-
mains difficult as both methods yield different values for the surface potential. The
KPFM data shows a surface potential in the order of -200 mV whereas the spec-
tral shift of the dye suggests a surface potential of above -100 mV. Though both
methods are suitable tools for the qualitative investigation of the surface potential,
special attention should be paid in order to understand and quantitatively interpret
both, the KPFM measurements on dielectric surfaces as well as the influence of
local electric fields on the spectral properties of electrochromic dyes.
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Selective anchoring of optically active molecules on nanostructured surfaces is a
promising step towards the creation of nanoscale devices with new functionalities.
Recently we could demonstrate the electrostatic attachment of charged fluorescent
molecules on silicon oxide nanostructures prepared by AFM nanolithography via
local anodic oxidation (LAO) of dodecyl-terminated silicon. In this article we re-
port on our findings from a more detailed optical investigation of the bound dye
rhodamine 6G. High sensitivity optical wide field as well as confocal laser mi-
croscopy have been used to characterize the rhodamine fluorescence emission. A
highly interesting question is the interaction between an emitter close to a silicon
surface because mechanisms like energy transfer and fluorescence quenching will
occur which are still not fully understood. Since the oxide thickness can be varied
during preparation continuously from 1 to 10 nm, it is possible to investigate the
fluorescence of the bound dye in close proximity to the underlying silicon. Us-
ing confocal laser microscopy we were also able to obtain optical spectra from the
bound molecules. Together with the results from an analysis of their photochemical
bleaching behaviour, we conjecture that some of the rhodamine 6G molecules on
the structure are interacting with the oxide causing a spectral shift and differences
in their photochemical properties.
The content of this chapter is published in [Baum10]:
T. Baumga¨rtel, C. v. Borczyskowski and H. Graaf, ”Fluorescence studies of Rho-





Selective anchoring of optically active molecules on nanostructured surfaces is a
promising step towards the creation of nanoscale devices with new functions and
working principles. Light emitting and absorbing single particles or thin films
could be used for transmitting energy as well as information. At first we have
to understand the physics behind those processes in order to manipulate the be-
haviour of the investigated systems. Quantum physical phenomena and ordering
effects play a crucial role in the nanometer regime and are yet only partially under-
stood.
In order to investigate luminescence on the nanoscale and to build up functional
structures, several requirements have to be fulfilled. First of all, the substrates have
to be defect free, well defined, and ultra flat. We use silicon wafers as substrates,
since they satisfy the above mentioned requirements because of their monocrys-
tallinity and are also a well-investigated standard material for semiconductor tech-
nologies. Self-assembled monolayers (SAMs) can be used to passivate the silicon
surface [Linf95]. The covalent Si-C bond, which is formed e.g. by the reaction
between a 1-alkene and a hydrogen terminated silicon surface [Buri99, Siev00],
is highly thermally [Sung97] and chemically stable [Linf95, Siev98]. As a next
step an appropriate method is required to structure the silicon in the range of a few
nanometers. Local anodic oxidation (LAO) via atomic force microscope (AFM) is
a versatile and reliable method for the fabrication of nanometer-scale oxide patterns
on alkyl-terminated silicon [Sugi97, Maoz99, Ara02a, Daga98, Graa07, Graa08a].
Last but not least we need a way to immobilize tracers (e.g. dye molecules) selec-
tively on the generated structures. To achieve this, it is necessary to modify and
adjust the chemical or physical properties of both the substrate and the structure
independently. This is another advantage of the usage of SAMs since their surface
properties can be tuned by the modification of the end groups of the molecules
used as building blocks. A structuring of an e.g. dodecyl-terminated substrate via
LAO results in a rather hydrophilic oxide pattern while the surrounding surface is
hydrophobic. The oxide can also be modified by different chemical routes e.g. by
etching the oxide [Ara02a] or binding species such as molecules or nanoparticles.
However, since the structures are negatively charged due to the oxidation process,
we applied electrostatic interactions to bind cationic molecules to the oxide pat-
tern. Such a selective binding of molecules by electrostatic interactions is known
from previous studies, where rhodamine 6G (R6G) molecules [Graa07] or organic
semiconductors [Losi08, Losi09] have been bound to the silicon oxide structures.
It should be noted that other binding concepts for oxide structures are also known
from the literature. For example, differences in hydrophobic interactions have been
used for attaching semiconductor nanoparticles [Patt09, Chen99] or the oxide sur-
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face has been functionalized using silane molecules with anchoring groups for gold
nanoparticles [Sheu05] or an even more complicated method has been used with a
chemical reaction step in order to form an anchoring group and finally the attach-
ment of gold clusters [Liu02]. Thus all these methods lead to a selective arrange-
ment of functional units, the binding is not very stable or poorly uniform only. In
other cases many synthesis steps are necessary, which complicates the preparation
compared to our approach.
In the present study we will show the effect of nearby silicon on the luminescence
of rhodamine 6G molecules for very small silicondye distances. Rhodamine 6G is
used because it is a well-known cationic dye which is a standard emitter in laser
applications, characterized by a high quantum yield [RF K82] and it has been the
subject of previous investigations by many other groups, regarding its behavior at
interfaces [Chen08, Tleu05, Arbe06, Cnos93].
5.2 Experimental
Dodecyl monolayers were prepared by reaction of hydrogenterminated silicon(100)
(3000 Wcm, n-type, phosphor doped) with a 1-dodecene solution in mesitylene
(both from Merck, for synthesis grade). The details of the preparation are de-
scribed elsewhere [Linf95]. The formed hydrogen and dodecylterminated silicon
was controlled by measuring the water contact angle. For hydrogen-terminated
silicon water contact angles of 78 2 and for dodecyl-terminated silicon con-
tact angles of 109 2 were found (the measurements were performed with a
”OCA 20 contact angle meter”, Dataphysics, Germany). For the anodic oxidation
process and the visualization of the sample surface, a ”multimode scanning probe
microscope” (AFM, Veeco with ”Nanoscope IIIa controller”) was used. A home-
made program for the nanolithography was applied to the AFM software. The
local anodic oxidation was performed with electrical platinum coated cantilevers
(”NST-EF-R-S03-01”, Nascatec, Kassel, Germany) in contact mode by applying
different DC voltages to the cantilever with respect to the dodecyl-terminated sil-
icon substrate (see figure 5.1). All AFM investigations were carried out at room
temperature with controlled humidity. In the LAO process the AFM-tip and the
substrate form the electrodes of a nanoscopic electrochemical cell, modifying the
surface by a chemical reaction (oxidation). If the tip is close to the surface (some
nanometers), applying a voltage between the conductive tip and the positively bi-
ased silicon substrate generates an electric field E. Under ambient conditions there
is always an adsorption layer of water both covering the tip and the sample surface.
With the applied voltage the water molecules are polarized by the electric field and
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Figure 5.1: Schematic view of AFM-induced LAO for drawing oxide line patterns on
alkyl-terminated silicon.
following the field gradient, they will accumulate at the terminus of the tip (where
the field strength is at a maximum). If the voltage is above a certain threshold value,
a stable water bridge (meniscus) between the tip and sample surface is formed and
the water molecules are dissociated by the electric field into H+ and OH  ions.
The positive H+ ions will move to the tip (cathode) where they will be reduced and
finally form hydrogen molecules, the negative OH  ions are pulled towards the
silicon (anode). After they have penetrated the termination layer (e.g. hydrogen
molecules, already formed silicon oxide, or an organic monolayer), the hydroxide
ions reach the native silicon and react with holes producing silicon oxide [Daga98].
As a silicon oxide complex is more spacious than a single silicon atom, there is an
increase of volume which can only expand in the vertical direction and an elevated
silicon oxide structure is formed. If the tip is moved laterally during the process,
line structures can be written on the surface (see figure 5.1).
For the binding of cationic dyes the nanostructured sample was immersed directly
after lithography in a solution of 3 mg rhodamine 6G (see figure 5.2, Radiant Dyes
Laseraccessories, Germany) in 2 ml H2O (purified water, specific resistance 18.2
MWcm) for 90 min, followed by washing with methanol (Merck, spectroscopic
grade). The samples were investigated both by AFM (contact mode for investiga-
tion of changes in height) and optical microscopy. Two different types of home
built microscopes were used to observe the emission of the dye-functionalized
structures, a wide field microscope and a laser scanning confocal microscope. For
the wide-field setup the 515 nm excitation light (argon ion laser; Spectra) was sta-
bilized by an electrooptical modulator (Conoptics) followed by a laser line filter
at 515 nm (Omega). The laser light is directed into an objective lens (100x, 0.9
NA, Zeiss ”EC Epiplan Neofluar”) via a dichroic mirror (Omega, ”525 DRLP”).
Fluorescent light was focused on an intensified frame transfer camera (Pentamax
Roper Scientific), whereas excitation laser light was suppressed by a long pass fil-
ter (Omega ”3RD530LP”). In the laser scanning confocal microscope we used the
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same laser for excitation as in the wide field setup. The laser beam was focused
by a similar objective lens (Zeiss ”EC Epiplan Neofluar”) as was used for the wide
field setup. An avalanche photodiode (Perkin Elmer, ”SPCM-AQR-16”) with a
very low dark count rate served as the luminescence detector. Laser excitation light
was blocked by an optical long pass filter (Omega Optics, 480 nm) in the detec-
tion path. In front of the detector an 8:2 beam splitter coupled part of the light
into a spectrometer (Andor Technology, ”Shamrock SR-163/SR1-GTR-600-500”)
with a Peltier cooled CCD camera (Andor Technology, ”Newton DU971N-BV”)
as detector.
Figure 5.2: Chemical structure of the rhodamine 6G cation.
5.3 Results and Discussion
Figure 5.3 shows several oxide lines generated via LAO using different voltages
from -8 to -4 V. The left part of figure 5.3 is an AFM height image of the oxide
structures before attachment of the R6Gmolecules. The line width is below 100 nm
and the line height is in the range from 1 to 4.5 nm. As we have shown previously,
there is an increase in height of the oxide after attachment of R6G, indicating that
there is about one monolayer of dye molecules on the oxide structure [Graa07]. The
investigation of the same spot with an optical wide-field microscope shows a signal
in the shape of the structures (figure 5.3, right image). Thus it can be concluded that
the dye molecules attached to the silicon oxide can be excited optically and emit
fluorescent light. However, the optical image is resolution-limited and thus not
as sharp as the AFM image. The emission intensity from the dye-functionalized
nanostructures is relatively low, which we attribute to a strong photoluminescence
quenching. We determined an average value of 0.6 ns for the lifetime of the ex-
cited state which is considerably lower than the lifetime of R6G in diluted aqueous
solution (3.7 ns). We evaluated the cross sections in figure 5.3 by fitting Gaussian
functions to each peak, determining characteristic parameters of each line such as
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Figure 5.3: Oxide line patterns of different size on dodecyl-terminated silicon before and
after dye attachment. Left: AFM height image before dye attachment (the
corresponding lithography voltages are given above and below the lines).
Right: optical wide-field microscope image of the same spot on the sur-
face after dye attachment. The diagrams below correspond to a cross-section
along the blue line in the above image.
height, width, and area under the curve. For the optical image, the Gauss fits reveal
that the FWHM of the detected intensity for each line is below the line separation
so that there is only a negligible contribution to the neighbouring line maximum.
Figure 5.4 shows the height of the fitted Gaussian curves for both the topographical
AFM image as well as the optical image for each line (every line corresponds to a
different voltage used to generate the line). As it can be seen there is a linear cor-
relation between oxide height and applied voltage, which is in full agreement with
previous results from other groups [Graa08a, Yang06b, Teus95, Cava03]. Interest-
ingly the peak photoluminescence (PL) intensity also decreases linearly with the
oxide height and, accordingly, with the voltage. However, according to the clas-
sical theory of dipole-surface interaction, a d 3 dependence of the fluorescence
resonance energy transfer (FRET) rate on the distance d between dye and semicon-
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Figure 5.4: Topographical height (black squares) and peak PL intensity obtained from the
Gaussians (red triangles) against the voltage at which the corresponding line
was generated.
ductor is expected [Haya83, Whit83]. Yet deviations from this d 3 behavior have
been reported by different groups for distances close to the semiconductor surface
(d < 10 nm) [Haya83, Whit83, Sluc95, Barn98]. Since in our case the oxide height
is below 10 nm, our observations confirm that for small distances a simple model
of dipole-semiconductor energy transfer cannot be applied. Obviously in this case
there is no inverse cubic correlation between distance to the semiconductor and en-
ergy transfer rate.
Also we did not find a straightforward relation between PL intensity and line width,
which is proportional to the oxide surface on which dye molecules can bind. This,
on the other hand, can be explained by the fact that the nature of the binding mecha-
nism is not related to a surface interaction but to an electrostatic interaction. Due to
the LAO the generated oxide is partially negatively charged by trapped OH  ions.
The cationic dye molecules are attracted by these charges and bind selectively to
the oxide structures. The amount of trapped charges should be proportional to the
volume of formed oxide. Since writing speed and length were constant for each
line, the volume of each oxide line should also be proportional to its cross sec-
tional area. Figure 5.5 shows a plot of the peak PL intensity against the line cross
sectional area. The fluorescent light intensity increases nearly linearly with the
cross sectional area, which is strong evidence for the assumption that the number
of bound dye molecules is directly related to the number of trapped charges. The
nonexistence of a d 3 dependence as well as the nearly linear relation between
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Figure 5.5: Photoluminescence peak intensity plotted against the line cross sectional area.
PL intensity and oxide volume leads to the conclusion that the increase of lumi-
nescence intensity is mainly attributed to the increase in the number of emitting
molecules and not to a distance dependent quenching caused by the underlying sil-
icon. We suggest the following rate equation, where the rate k for the relaxation of
an R6G molecule from the excited state D to an unexcited state D is given by:
k = kr+ kSinr+ k
SiOx
nr (5.1)
where krr is the rate constant for the radiative decay, kSinr for the non-radiative exci-
tation energy transfer to the silicon, and kSiOxnr for a non-radiative decay mechanism
to the silicon oxide. If the transfer process between the excited molecules and the
silicon oxide is much faster than the energy transfer to the silicon (kSiOxnr  kSinr), the
observed fluorescence intensity would not be dependent on the distance between
the dye molecules and the semiconductor. As suggested in [Lian85], such a fast
decay channel could be provided by e.g. surface states or other localized states
near the interface that serve as electron acceptors on the silicon oxide. As the sili-
con oxide formed by the local anodic oxidation process contains, beside remaining
oxyanions, also residuals of the alkyl monolayer [Pign03], the existence of various
trap states at the surface and within the bulk is very reasonable.
In a next step we investigated the luminescence spectra of dye-functionalized nanos-
tructures by scanning confocal microscopy. With confocal microscopy, spectral in-
formation can be sampled point by point. In figure 5.6 the emission spectrum of
R6G on an oxide line structure (oxide height: 2.7 nm) is compared with that of
R6G in aqueous solution and spin-coated on a silicon substrate with native oxide.
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Because of the low signal-to-noise ratio of the spectra on the oxide lines, the PL
spectrum has been measured on 15 different spots on different lines. The different
spectra resemble each other in shape but vary slightly in position of the maximum.
To account for these small deviations the spectra have been added up and the gained
sum spectrum was subsequently normalized (figure 5.6, black line).
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Figure 5.6: Emission spectra of R6G attached to an LAO-generated nanostructure
(black), in diluted aqueous solution (red) and as a sub-monolayer on Si with
a native SiOx layer (blue). All spectra are normalized, the excitation wave-
length was 465 nm and the excitation power 4 µW for the spectra measured
by confocal microscopy.
The spectral shape of the emission from the oxide lines is similar to that in solution
(figure 5.6, red dotted line) though there is clearly a spectral broadening especially
towards blue wavelengths. The mean value of the peak position from all the differ-
ent single spectra is 548.8 nm with a standard deviation of 2.4 nm. Though there is
just a small difference of the spectral position on average because of the broaden-
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ing effect and the mean variation, there are single spectra that are blue-shifted up to
9.5 nm (40 meV). In particular, there is an additional flank in the blue part of the
spectrum while in the red part the spectrum looks similar to that from the solution.
The spectral shifts can be due to several reasons. First of all the dielectric environ-
ment of the R6G molecules on the surface is different from that of the molecules
in solution. The dielectric surroundings influence the intermolecular energy levels
and thus, if they are dissimilar, can cause a spectral shift. So we compared the spec-
tra obtained from R6G on the LAO structures with that of a sub-monolayer of R6G
on a silicon substrate with a native oxide layer prepared by spin-coating of the di-
luted solution of the dye in ethanol (figure 5.6, blue curve). The emission from the
spin-coated R6G molecules, however, is shifted about 36 meV to the red with re-
spect to the solution spectrum. Such an inhomogeneous broadening towards larger
wavelengths has been reported before for R6G in close vicinity to metallic surfaces
[Cnos93] and was explained as an effect of the reduced excited state lifetime on
the homogeneous damping rate. In contrast, the emission from the nanostructures
is shifted to blue wavelengths which can be explained by the difference between
the LAO oxide and native or thermally grown oxide on silicon. It has been shown
that for local anodic oxidation of alkyl-terminated silicon, CnH2n fragments of the
organic monolayer are incorporated within the oxide [Pign03]. However, since
the influence of this change in oxide composition on the intra-molecular energy
structure is hardly unascertainable, we want to discuss some other possible and
systematic reasons for the blue-shifted emission behaviour. It is known that some
cationic dyes in solution undergo a spectral shift in the presence of anions to shorter
wavelengths. This phenomenon is called metachromasia [Schu56] and is attributed
to the formation of cationanion chargetransfer complexes [Pal73]. Since the oxide
is negatively charged and the dye molecules are in proximity to the outermost neg-
ative space charges within the oxide, it is reasonable to assume that there is a strong
coupling of the positively charged dye molecules with the negative space charges,
which leads to a similar shift to shorter wavelengths for the absorption (and there-
fore emission) as it was found for charge-transfer complexes [Pal73].
Another possible explanation is that the molecules may form aggregates when they
are bound to the oxide. However, in order to form aggregates that possess a blue-
shifted emission (H-aggregates), the transition dipolemoments of the molecules
have to be aligned parallel and the molecules need to be in a face-to-face arrange-
ment [Gavr06]. Since we used a rather highly concentrated solution of R6G to
functionalize the nanostructures, the formation of H-aggregates in solution and
subsequent electrostatic binding of the aggregates to the LAO oxide is possible.
Though the absorption of H-aggregates is strongly shifted to shorter wavelengths,
they are known to be non-fluorescent and consequently a dimerization cannot be
the reason for the blue-shift. Especially remarkable is the fact that other groups
have found a red-shift of the R6G emission if the intermolecular distance is close
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to the molecular FO¨RSTER radius (5 nm in the case of R6G) due to resonance
energy transfer [Zond03]. Since the molecules should be densely packed on the
oxide structure because of the electrostatic binding mechanism, such behaviour
should also be expected in our case, yet we found a blue-shift of the emission. So it
can be concluded that the electric charge within the oxide influences the emission
of the dye molecules. However, further systematic investigations and a detailed
theoretical explanation of this phenomenon are still missing.
In a last step we investigated the photobleaching behaviour of the dye molecules.
Bleaching is the irreversible conversion of a fluorescent particle into a non-fluorescent
entity [Zond04]. The photobleaching mechanisms of organic dye molecules are
highly complex and mostly unknown. It is supposed that they follow various path-
ways involving different intermediate states [Schu07]. If the dye bound to the
silicon oxide structure is exposed to the excitation light for some time (seconds
to minutes depending on the power of the excitation light beam), there is drastic
decrease in the dye emission intensity. For long exposure times or very high ex-
citation power the dye is bleached completely. Even after a long period without
light excitation there is no recovery of the dye emission. Therefore we conclude
that the observed decay of fluorescence is indeed due to permanent photobleaching.
The bleaching of R6G was investigated by measuring the intensity of the fluores-
cent light for a period of 120 s with a time resolution of 0.5 s. In figure 5.7 the
resulting bleaching curves for R6G electrostatically bound to an LAO line struc-
ture (total oxide thickness approximately 4 nm) and R6G spincoated on a silicon
substrate with a 4 nm thermal oxide layer are compared with each other. For both
systems the dye fluorescence decreases by roughly one order of magnitude after
two minutes exposure to the excitation light. Furthermore both time traces can be
well fitted with a bi-exponential decay according to IPL = I0+Ae t=t1 +Be t=t2 .
The determined time constants for the decays are shown in table 5.1. For R6G
adsorbed on a semiconductor substrate, such a bi-exponential bleaching behaviour
has been reported before [Lian84]. At present it is still unclear why the bleaching
process is governed by two different characteristic times. It may be a hint for the
existence of two different species or states of R6G molecules which show a dissim-
ilar photochemistry that leads to their destruction. Though they are not identical,
the characteristic time constants for bleaching of R6G bound to the LAO oxide
and adsorbed on silicon oxide differ by less than a factor of 1.6. Considering, fur-
thermore, the fact that both processes can be described by the same bi-exponential
law, there seems to be no influence of the electrostatic binding mechanism on the
bleaching of the dye molecules. The quantitative differences between the constants
of the two systems may be explained by a slight difference in oxide thickness. It
should be noted that the measured photobleaching data could also be fitted by a
stretched exponential decay. This implies that there are not only two different time
constants but a multitude of many different time constants. Such behaviour could
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Figure 5.7: Photoluminescence intensity of a spot on a dye-functionalized oxide structure
as a function of exposure time for R6G electrostatically attached to an LAO
silicon oxide nanostructure with a total thickness of 4 nm (black squares)
and spin-coated on silicon with a 4 nm silicon oxide layer (blue circles). The
data have been fitted with second-order exponential functions (solid lines).
In the inset related spectra of R6G on the LAO oxide are shown for different
exposure times. The power of the excitation light was about 6.5 µW.
be understood in terms of a small variation of the nanoscopic chemical environment
for each molecule.
Table 5.1: Time constants extracted from the bi-exponential fits in figure 5.7.
R6G on t1 (s) t2 (s)
LAO oxide nanostructure 5.6 33
Thermal oxide 7.7 52
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5.4 Conclusions
We have shown that nanoscaled structures generated with AFM-induced local an-
odic oxidation of silicon can be functionalized with cationic dye molecules (R6G).
The dye emission could be analysed via optical wide field and laser scanning con-
focal microscopy. The intensity of the emitted light is nearly proportional to the
surface area of the dye-covered oxide structures which can be explained by a lin-
ear correlation between bound R6G molecules and the number of charges trapped
within the oxide. The obtained dependency cannot be explained by fluorescence
resonant energy transfer, so we conclude that another non-radiative energy trans-
fer occurs. Regarding the emission spectrum of the dye, we found a blue-shift
compared with the emission in solution. The reason for this is still unclear but pre-
sumably it is caused by a strong interaction of the dye molecules with the negative
charges within the silicon oxide. Finally the dye molecules on the nanostructure
are bleached during laser excitation. The bleaching follows a bi-exponential law
and there seems to be no significant influence of the electrostatic binding on the
photophysical degradation of R6G molecules.
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6 Functional perylene molecules bound to
local oxide structures via electrostatic
interactions
Abstract
Within this study silicon oxide nanostructures have been functionalized by selective
binding of a positively charged perylene derivative. The structures were prepared
by AFM nanolithography via local anodic oxidation (LAO) of dodecyl-terminated
silicon and are negatively charged due to the production process. Therefore cationic
spermine-functionalized perylene-bisimide (sf-PBI) molecules can be bound to the
structures by electrostatic interactions. The assembly of the sf-PBI units on the
LAO nanostructures is verified by AFM height measurements and means of flu-
orescence microscopy. Emission spectra from the dye-functionalized oxide show
that the molecules are able to form excimers. These excimers are characterized
by a broad and featureless red-shifted emission and an increased excited state life
time. In contrast to the emission of sf-PBI films on uncharged silicon oxide, the ex-
cimer emission was found to decrease strongly for low temperatures. This may be
explained by a very tight binding due to the electrostatic attraction of the molecules
to the LAO oxide.
The content of this chapter is planned for publication:
T. Baumga¨rtel, C. v. Borczyskowski and H. Graaf: to be submitted
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6.1 Introduction
Electrostatic binding of cationic dyes such as rhodamine 6G and cresyl violet
[Baum10, Graa08a, Baum07] is a reliable and easily applicable method for a selec-
tive functionalization of LAO nanostructures on alky-passivated silicon. Though
these dyes possess a high quantum yield, they bleach rather quickly upon pho-
toexcitation. Therefore, another class of dyes was used for electrostatic binding:
perylene tetracarboxylic acid bisimides (PBIs). Initially applied for industrial pur-
poses as pigments [Herb97], PBI dyes have become one of the most promising and
investigated system in basic and applied research. They are a highly photostable,
chemically inert and show a high quantum yield which makes them an ideal system
for single molecule spectroscopy [Kowe09, Krau11], light induced energy transfer
processes [Prat01] and light collection [Wurt04]. Apart from their advantageous
optical characteristics, PBI dyes display several other outstanding properties. For
example, perylene bisimides show n-type semiconducting behavior due to the high
electron affinity of rylene dyes [Lee99] and thus are a promising material for or-
ganic field effect transistors [Jone04]. Furthermore, they are known to form highly
fluorescent J-type aggregates under certain conditions by hydrogen bonding and
p-p stacking interactions [Kais09]. In recent studies, evidence was found for an
efficient long-range transport of energy by exciton migration in such aggregates
[Lin10] which could be very useful for photovoltaic devices or organic circuits.
Another advantage of PBI is the possibility to rather easily introduce or tune differ-
ent properties by chemical modification of the molecules. The addition of different
functional side groups, such as alkyl chains, halogens or recognition units, can alter
solubility [Zhan07, Ebel07], air-stability [Jone07] as well as the self-assembly be-
havior of perylene bisimides [Wurt04] in a directed manner. Recently, a novel type
of perylene bisimide dyes which is functionalized with the polyamine spermine
has been synthesized by the Wu¨rthner group [Rehm10]. The chemical structure of
these spermine functionalized PBI molecules (sf-PBI) is shown in figure 6.1. The
functional spermine groups are protonated, thus possessing a polycationic charac-
ter. As they are bound to the perylene core in imide positions, the planar structure
of the perylene core is sustained and the optical properties of the PBI unit are not al-
tered. Also, an aggregation of the molecules via - stacking should still be possible.
Furthermore, the amphiphilic sf-PBI molecules are highly soluble in water because
of the spermine residues and can form self-assembled nanostructures [Rehm10].
The polycationic nature of the spermine groups combined with the advantageous
optical properties of perylene bisimide dyes makes sf-PBI a very promising mate-
rial for the electrostatic binding to negatively charged silicon oxide nanostructures.
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Figure 6.1: Chemical structure of the sf-PBI polycation.
6.2 Experimental
6.2.1 LAO sample fabrication and functionalization
The local anodic oxidation experiments have been carried out on weakly doped n-
type silicon (resistivity>3000 Wcm, Fraunhofer ENAS, Chemnitz) substrates with
a self-assembled monolayer (SAM) of 1-dodecene molecules as surface coating.
Details of the monolayer preparation process are described elsewhere [Baum11a,
Linf95]. LAO experiments as well as topography measurements were conducted
with an Anfatec Level AFM (Anfatec GmbH, Germany) using platinum coated
silicon tips (”NSC18/Pt”, resonance frequency 75 Hz, spring constant 3,5 N/m,
Mikromash, Estonia). The oxide structures were generated in contact mode opera-
tion with a voltage in the range of -7 V to -15 V applied between tip and substrate
at a relative humidity (RH) of around 65%. To control the humidity of the ambient
atmosphere the microscope was placed under a closed PMMA dome which can
be purged with dry nitrogen or water vapor-saturated nitrogen. The humidity was
measured using a ”SHT15” digital humidity sensor (Sensirion AG, Switzerland).
Lithography of diverse patterns has been performed via different software protocols
which have been written using a homemade software user interface. Functionaliza-
tion of the structures was achieved by immersion of the freshly structured substrate
in a 0.5 M solution of sf-PBI (provided courtesy of Prof. F. Wu¨rthner, University
of Wu¨rzburg) in ethanol (Merck AG, spectroscopic grade) for approximately 90
minutes. After removing the sample from the solution, it was thoroughly rinsed
with fresh ethanol and dried in a nitrogen stream.
6.2.2 Thin films on 100 nm silicon oxide
Sf-PBI thin films have been prepared on n-doped silicon with a resistivity of (5.9
- 7.3) Wcm and a 100 nm-thick thermally grown silicon oxide layer (Fraunhofer
ENAS, Chemnitz). Previous to film application, the substrates were cleaned with
acetone and ethanol (both: Merck AG, spectroscopic grade) for 5 minutes in an
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ultrasonic bath and rinsed with ultrapure water (Millipore DI). Subsequently, the
substrates were heated for 30 s in a propane gas flame to remove any residual
contaminants. The dye films were deposited by spin coating (3600 rpm, 20 s)
500 µl of ethanol solutions of sf-PBI with different concentrations on the cleaned
substrates.
6.2.3 Optical investigations
Optical measurements on the surfaces were performed using home-built confocal
microscope setups and spectral investigations in the liquid phase were carried out
using a Varian ”Cary Eclipse” fluorescence spectrometer with an excitation wave-
length of 465 nm. Spectral measurements on the silicon substrates at low tempera-
tures have been obtained with a laser scanning confocal microscope (LSCM). The
488 nm line of an Ar/Kr laser (”Innova 70C-Spectrum”, Coherent) has been used as
excitation light. The laser beam was focused on the sample by a 63x cover-glass-
corrected air-immersion objective (Carl Zeiss Jena) with a numerical aperture of
NA=0.75. The sample was placed in a flow cryostat (”ST-500H”, Janis), evacu-
ated to a pressure in the range of 10 5 mbar using a vacuum pump and cooled
down using liquid nitrogen. An avalanche photo diode (”SPCM-AQR-16”, Perkin
Elmer) with a very low dark count rate has been used as luminescence detector.
The excitation light was blocked by a long pass filter (”502ALP”, Omega Optical)
in the detection path. In front of the detector a beam splitter couples 75% of the
fluorescence light into a spectrometer (”Acton SpectraPro-275”, Acton Research
Corp.) with a liquid nitrogen cooled CCD camera (Princeton Instruments) as de-
tector. For time-resolved measurements a sample scanning confocal microscope
(SSCM) setup with a 465 nm pulsed excitation has been used. Further details of
the setup are described in chapter 3. The fluorescence decay curves were resolved
by processing the detector signal using a ”SPC-630” single photon counting board
(Becker & Hickl). For spectral separation, a 570 nm short pass filter (”570SP”,
Omega Optical) or a 585 nm long pass filter (”585ALP”, Omega Optical) could
be placed in front of the detector. Both confocal setups have been expanded by
a reflection wide field microscopy option in order to facilitate the retrieval of the
structured spots on the sample surface.
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6.3 Results and Discussion
6.3.1 AFM topography investigations
General remarks on the evaluation of comparative AFM height
measurements
Atomic force microscopy is characterized by a very high resolution through the
sub-nanometer positioning accuracy of the scanned probe by piezo drives [Binn86,
Jali04]. The lateral precision is mainly limited by the curvature radius of the used
AFM tip (usually around 10 nm to 20 nm) but the nominal resolution in z-direction
is for most instruments within the A˚ range. Thus, the adsorption of additional
molecular layers on the nanostructure should be detectable by AFM height mea-
surements before and after the ex-situ functionalization step. However, there are
some general issues concerning the measurement process that have to be addressed
before evaluation of the obtained AFM images. First of all, though the mechanical
positioning of the tip is very accurate, the feedback circuit that drives the piezos
depends on many parameters (PID loop controller). The images for comparative
height evaluation have been measured using non-contact mode operation of the
AFM, which means that the cantilever is mechanically excited close to its reso-
nance frequency and the interaction of the cantilever with the surface dampens the
cantilever oscillation to a certain value which depends on the tip-sample distance
[Tsuk98]. While scanning over the surface, the amplitude and therefore the tip-
sample distance is kept at a given value (setpoint) by a feedback control of the
z-piezo. As the transfer function between the ’real’ sample topography and the
z-piezo adjustment by the AFM feedback control system depends strongly on the
driving frequency, driving amplitude, setpoint and the tip geometry, those parame-
ters have to be kept implicitly constant when performing comparative height mea-
surements [Hutt93]. Therefore all such measurements within this thesis have been
conducted using equal software parameters and the same AFM tip. Unfortunately,
even when using exactly the same parameters, the deposition of any material to
the nanostructures alters their surface chemistry and therefore also the interactions
between tip and structure surface [Send95, Noy97, Wilb95, Sasa01]. This is es-
pecially a problem if there is a strong chemical affinity between the new modified
surface and the AFM tip (e.g. trichlorosilane or thiol surface groups which will
bind to the silicon or metal tip [Noy95]). Yet the surface modifications used within
this thesis should result in surfaces which are relatively inert towards the AFM
tip. Another important factor is the formation of surface water layers as it was
established in chapter 4. As all experiments have been conducted under ambient
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conditions, a formation of such a water layer is very likely. As the rest of the sub-
strate is very hydrophobic because of the alkyl monolayer, a pronounced wetting
of more hydrophilic LAO structures could further distort the measurements if the
effect of the water layer influences the tip-surface interactions sufficiently. Though
such effects are known to exist [Weis89, Putm94], they have not been investigated
deeply as their general quantitative impact on AFM height measurements is hardly
determinable. Therefore, it has to be kept in mind that the following evaluations of
the comparative height measurements may be biased beyond the physical position-
ing error of the used AFM hardware. Last but not least, for a reliable comparison it
has to be assured that always the same part of the structures are compared to each
other in order to exclude local variations. Since the shape of the LAO structures
is sometimes slightly irregular, height profiles have been measured along defined
paths over the sample without large local deviations. Furthermore the height pro-
files have been averaged over a width of 10 to 20 pixels and the global position of
the profiles relative to the structure in successive images was adjusted as precisely
as possible using topographic landmarks (e.g. distinctive ’bumps’ on the structure).
This ensures a positioning accuracy of the profile in the range of a few pixels.
Detection of bound sf-PBI via AFM
AFM height images of a square structure and a line structure before binding of sf-
PBI are displayed in figure 6.2. After immersion in an ethanol sf-PBI solution and
subsequent rinsing with ethanol and ultrapure water, there is a small but clearly
detectable increase in height of the nanostructure only. Exemplarily topographic
profiles are shown in figure 6.2C and 6.2D. In the case of the square structure, the
height increase is about 0.7 nm and for the line structure 0.3 nm on average. As
the height growth is very homogeneous and also the roughness of the residual sur-
face does not change, a largely uniform deposition of sf-PBI on the LAO structure
can be assumed. Furthermore, the height increase is rather small in comparison to
the length of a single sf-PBI molecule (approximately 4 nm). Thus the molecules
should be oriented rather flat on the surface and are not standing upright. This is
also very plausible as the positive charges which are attracted towards the LAO
oxide are located along both spermine side chains. Hence a flat orientation of the
molecules on the surface brings the charges as close as possible to the negatively
charged oxide. The measured height increase (0.3 nm to 0.7 nm) is within the range
of the cross section diameter along the short axis of the molecule (0.5 nm). Due to
the aforementioned uncertainties concerning the AFM height measurement how-
ever, it is not straightforward to draw conclusions about the orientation of the PBI
cores with respect to the surface. Anyway, the AFM measurements show that there
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Figure 6.2: NC-AFM height images of a square (A) and line (B) oxide structure after
generation by LAO. C and D show the topography profiles along the paths
indicated in A and B before (black) and after (red) binding of sf-PBI. The
profiles have been averaged over a width of 20 pixels.
is no formation of larger rod-like stacked aggregates as it has been demonstrated
for sf-PBI films prepared from aqueous solution spin-coated on Mica substrates
[Rehm10]. This is most likely due to the larger roughness and surface-chemical
inhomogeneity of the LAO oxide and the strong electrostatic interaction between
molecules and nanostructures which prevents an aggregation into larger structures
/ micelles.
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6.3.2 Confocal microscopy and spectral investigation at room
temperature
sf-PBI bound to LAO nanostructures
To confirm that the height increase is due to a binding of sf-PBI molecules, the
samples have been investigated by confocal microscopy and spectroscopy. Simi-
lar to the findings for other cationic dyes (see chapter 5 and [Baum07]), there is
a clear fluorescence signal originating only from the LAO nanostructures after the
binding of sf-PBI. The signal is weak though, which is a result of the fluorescence
quenching by the close proximity (several nm) of the dye molecules to the un-
derlying silicon. Figure 6.3 shows the emission spectra of sf-PBI bound to LAO
line structures which have been obtained with two different setups (black and blue
curve). The inset in figure 6.3 shows a confocal microscope image of the investi-
gated structure.
Both, the spectrum taken with the sample scanning confocal microscope (SSCM,
black) as well as the laser scanning confocal microscope (LSCM, blue) are very
similar in shape. Due to a larger spectrometer range the measurement with the
LSCM extends up to 800 nm whereas the SSCM spectrum is limited to about
660 nm. The quite good congruence between the results of both setups emphasizes
the true physical nature of the measured emission. The existence of small peaks in
the low wavelength range (e.g. at 482 nm, 488 nm and 510 nm) on the other hand
are experimental artifacts as they do not appear for both setups simultaneously.
They might be caused by scattered light which is not sufficiently blocked by the
used fluorescence light filters. Compared to the monomer fluorescence emission
of sf-PBI in diluted solution (red curve), there is a red shift of the monomer-type
fluorescence and the appearance of an additional emission in the long wavelength
regime above 600 nm. The first peak at 540 nm can be attributed to the S1 !
S0 transition of the monomer as it resembles the first emission peak of the sf-PBI
emission in solution except for the red shift of about 28 meV (540 nm compared
to 533 nm in solution). This shift might be caused by the different dielectric envi-
ronment of the dye molecules when bound to the charged oxide compared to the
ethanol environment in solution. In the broad long wavelength part of the spec-
trum a substructure (a faintly visible peak) at 585 nm can be identified. This is
attributed to the first vibronic progression of the S1 ! S0 transition (see figure
6.4) as the energetic separation from the main peak (also referred to as ’vibra-
tional quantum’) is about DE  (175 5) meV, which is in good agreement with
typical values for perylenetetracarboxylic acid derivatives in solution or thin films
[Bulo96, Henn99, Proe04].
The prominent broad peak in the low energy regime at about 640 nm is evidently
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Figure 6.3: Emission spectra of sf-PBI in ethanol solution (red) and bound to a LAO
nanostructure in shape of the letter ’M’ (see confocal microscopic image as
inset) measured with different setups. The black curve is the emission of the
bound sf-PBI which was acquired using a sample scanning confocal micro-
scope (SSCM) with an excitation wavelength of 465 nm. The blue curve has
been acquired with a laser scanning microscope (LSCM) and an excitation
wavelength of 488 nm.
not related to a monomer emission. The emission spectra of perylene dyes is
known to change dramatically when prepared as films [Ahre04, Graa11], which
is generally attributed to the formation of aggregates. In figure 6.5, the emis-
sion spectrum of an amorphous film of chlorinated N,N’-dimethyl-perylene-tetra-
carboxylic-acid-diimide (Cl4MePTCDI) dye (red) is shown in comparison to the
emission spectrum of sf-PBI bound to the LAO oxide (blue) fromwhich the monomer
emission spectrum in solution (figure 6.3) has been subtracted. Thereby the solvent
shift has been corrected by shifting the monomer spectrum about 7 nm to longer
wavelengths. The Cl4MePTCDI data were taken from [Graa11]. Despite of a
40 meV red shift of the main peak of the Cl4MePTCDI emission compared to the
640 nm band of sf-PBI on the oxide structure, both spectra are quite similar. In
the shorter wavelength regime of the spectrum there is a larger deviation because
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Figure 6.4: Emission spectrum of sf-PBI bound to a LAO nanostructure measured with
a laser scanning confocal microscope (LSCM) at an excitation wavelength of
488 nm. Typical (red shifted) monomer bands (see figure 6.3, red curve) are
indicated in the graph.
the solution (monomer) main peak is wider than the monomer peak on the struc-
ture. The red-shift is most likely caused by the much larger thickness in the case
of the Cl4MePTCDI films (100 nm [Graa11] compared to less than 1 nm in case
of sf-PBI on the LAO structure). Such an influence of the film thickness on the
emission maximum position in perylene dye layers has been reported earlier and
was attributed to a dielectric screening of the molecules within the layer [Proe04].
The typical emission spectrum of PBI derivatives in thin films with a broad peak
at about 640 nm is explained by a stacking of the molecules in a vertical direc-
tion (plane-to-plane arrangement) which leads to an overlap of their p-orbitals (p-p
stacking) and thus to a formation of H-aggregates [Proe04]. Spectral investigations
of specially synthesized U-shaped PBI H-dimers (two PBI moieties held in a cofa-
cial configuration by a linker molecule) led to results that are very similar to those
for thin films [Giai08, Veld08]. Recently, Gao et al. were able to simulate the H-
dimer spectrum in good agreement with experimental data by using an elaborate
model which mixes Frenkel excitons (FE), intermolecular charge-transfer excitons
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Figure 6.5: Blue curve: The fluorescence emission spectrum of sf-PBI bound to an LAO
nanostructure from figure 6.4 after subtraction of a 7 nm red shifted monomer
spectrum in solution (figure 6.3). Red curve: Fluorescence emission spectrum
of an amorphous film of Cl4MePTCDI (data from [Graa11]).
(CTE) and also includes electron-phonon coupling [Gao11]. They found that the
broad and the strongly red-shifted emission of the H-dimers can be explained by
a change in the optimal dimer geometry between ground state and excited state.
Upon excitation, the H-dimer undergoes a relaxation to a new geometry which
possesses a lower energy of the exciton. As the exciton life time in the optimal
geometry is much longer than in the vertically excited state and the geometry re-
laxation is rather slow, there is an emission from both states (or any intermediate
state) which extends the emission significantly.
It should also be mentioned that the smaller peak in the blue part of the Cl4MePTCDI
spectrum is most likely not related to the S1 ! S0 transition of the monomer as it
may be assumed at first glance (e.g. not all the molecules in the film are dimer-
ized) but seems to be an intrinsic transition of the dimer. This is evident as the blue
peak also is present in the calculated emission spectra [Gao11] and measurements
of chemically designed dimer PBIs [Giai08]. The blue peak at 540 nm in the spec-
trum of sf-PBI bound to the LAO nanostructures on the other hand, is much sharper
and closely resembles the main peak of the monomer emission.
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Comparison to sf-PBI monolayers on 100 nm oxide
In order to investigate the origin of the emission spectrum of sf-PBI bound to the
nanostructures, sf-PBI was spincoated from solution onto silicon wafers with a
thermal oxide layer of 100 nm thickness. Different concentrations of sf-PBI in
ethanol have been used and the obtained emission spectra from these samples are
shown in the left panel of figure 6.6. The measured confocal microscopy images
(not shown) displayed a uniform emission over large parts of the surface which
indicates the formation of homogeneous films of dye molecules. For very low dye
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Figure 6.6: Left: Emission spectra of sf-PBI films on 100 nm thermal silicon oxide on
silicon substrates for dye concentrations of 1:6  10 7 M (light blue), 1:6 
10 6 M (orange), 1:6 10 5 M (dark blue), 1:6 10 4 M (red) and 1:6 10 3 M
(black) in the spincoated solution. Right: Comparison of the 1:6  10 5 M
(blue) and 1:6 10 4 M (red dashed) spectrum with the emission of sf-PBI on
a LAO nanostructure (black).
concentrations (1:6 10 7 M; light blue and 1:6 10 6 M; orange), the fluorescence
spectra from the sf-PBI films resembles that of the monomer emission (see figure
6.3). This is also the case for lower dye concentrations down to 1:6 10 9 Mwhich
are not shown here for reasons of clarity. For higher dye concentrations (1:6 10 4
M; red and 1:6  10 3 M; black), the emission is strongly red-shifted as well as
broadened and similar to the fluorescence spectra of a-perylene crystals (denoted
as E-type emission) [Sumi89]. Also for other perylene derivatives such an E-type-
like emission has been found in the case of films [Graa08b, Graa11], designed H-
dimers [Giai08, Veld08], stacks [Ford87, Bish96, Akim97] or polymers [Hern04].
Especially interesting is that for sf-PBI films from solutions with a concentration
of 1:6 10 5 M (dark blue), the emission seems to be a combination of a monomer
and aggregate spectrum. Obviously there is a transition region of concentrations,
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which is around 10 5 M for the used spincoating parameters, where both species
of the sf-PBI molecules (monomers and dimers) coexist on the surface. However,
the position of the peaks in the intermediate region is not the same as for the border
cases of very low and very high concentrations. Thus it is no simple superposition
of monomer and aggregate spectrum in the strict sense. Obviously, there is an in-
teraction between both molecular states that influences the spectral properties and
shifts the monomer peak to the red and the aggregate peak to the blue.
The right panel in figure 6.6 compares the emission from the 1:6  10 5 M film
(blue) and the 1:6 10 4 M film (red dashed) to the fluorescence of sf-PBI electro-
statically bound to an LAO nanostructure (black). The position of the monomer-
like peak fits nicely for the black and the blue curve, though it is a little more
pronounced for the nanostructure spectrum. It can also be seen that the peak in the
low energy region of the spectrum coincides with the maximum intensity emission
from the 1:6 10 4 M film (red dashed). Only the spectral broadening in the case of
sf-PBI bound to the LAO oxide is larger than for the films which may be caused by
a more heterogeneous dielectric environment: Due to a non-stoichiometric com-
position, unsaturated bonds, trapped charges and residual hydro carbon residues
[Pign03], the LAO oxide is much more diversified than the thermal oxide used for
sf-PBI film preparation.
Considering the findings for the spincoated sf-PBI films, the spectrum of sf-PBI
bound to the nanostructures seems to be a result of a formation of different sf-PBI
species. Some of the molecules are forming H-dimers that exhibit the red-shifted
E-type emission and some molecules exist in a monomer-like state. This assump-
tion is also supported by the observation that the relative intensity of the 545 nm
emission compared to the 640 nm peak varies for different prepared samples and
oxide structures. The tendency of dimer formation may be influenced by different
parameters such as oxide roughness or the magnitude of the space charge within
the oxide. In order to confirm the above mentioned explanations, the spectral and
time-resolved properties of sf-PBI bound to the nanostructures will be investigated
in greater detail in the following chapters.
6.3.3 Confocal microscopy and spectral investigation at low
temperatures
Using a microscope cryostat, a sample with a sf-PBI functionalized LAO nanos-
tructure was cooled down to 77 K. The emission spectrum of the sf-PBI on the
structure is shown in figure 6.7 for the three temperatures 298 K, 188 K and 77 K.
The intensity ratio between monomer-like and E-excimer emission (at 644 nm) is
clearly a function of the temperature, whereby the relative excimer emission is de-
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Figure 6.7: Emission spectra of sf-PBI bound to a square LAO nanostructure measured
in vacuum at 298 K (black), 185 K (red) and 77 K (blue) using LSCM with
an excitation wavelength of 488 nm. Spectra have been measured during
cooling down from room temperature and are normalized to the monomer
peak at 545 nm.
creasing for low temperatures. The spectra have been normalized to the monomer
peak at 545 nm and only relative changes of the two peak intensities (monomer
compared to excimer) can be deduced from the measurements. This is due to the
fact that during cooling there is a rather large drift in all three spatial directions
which has to be compensated manually. This requires a repeated scanning of the
substrate in order to retrieve the structure. Furthermore by scanning the functional-
ized structures, the sf-PBI dyes bleach gradually. With the possibly bleached dyes
and the uncertainty to adjust to exactly the same focal plane, an absolute quantita-
tive measurement is not possible. Moreover, the drift and the bleaching is also the
reason for the fact that a much finer temperature step size was practically impossi-
ble.
Investigations of a-perylene crystals also showed that for low temperatures the E-
excimer emission vanishes and instead another emission at higher energies occurs
which is denoted as Y-type emission and possesses a similar shape as the monomer
spectrum [Frey78, Walk85, Sumi89]. Thereafter, the following phenomenological
model, which is depicted in figure 6.8, has been developed and refined in order
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to describe the excimer formation in perylene crystals [Walk85, Mahr94]. After
Figure 6.8: Energy scheme and kinetic rates for fluorescence decay processes in a-
perylene including a two-step excimer formation after [Walk85]. Details are
explained in the text.
excitation into the monomeric S1 state, the perylene molecules can relax directly
into the ground state S0 (’normal’ monomer relaxation at a radiative rate krM and
a non-radiative rate knrM ) or into the Y state with a rate kMY . In the case of cou-
pled perylene oligomers, knrM and kMY are much larger than k
r
M and there is nearly
no monomer emission. The Y state decays either directly into S0 by radiative and
non-radiative processes or via thermal activation into the excimer states E at rates
krY + k
nr
M and kYE , respectively. The E states are populated only via thermally ac-
tivated energy transfer from the Y state and not directly from the S1 state. Again,
the E states decay by direct radiative or radiationless deactivation into S0 but also
indirectly after thermal activation at rates krE , k
nr
E and kE0, respectively. The ob-
tained experimental observations for sf-PBI can be partly explained by this phe-
nomenological model. The E-type emission at high temperatures is a result of the
formation of E states upon excitation by a thermally activated change in the relative
position of two coupled PBI molecules. The exact nature of the position change is
thereby still not fully discovered and often discussed as either mainly related to
the distance of the dimer subunits [Tana63, Sumi89] or caused by orientational and
conformational changes [Veld08, Gao11]. At high temperatures (e.g. room temper-
ature), the motional freedom of the molecules in the dimer allows such a position
change which enables the formation of an excimer state. For lower temperatures,
the thermal barrier cannot be overcome and a formation of the E state is not possible
anymore. Considering the model, the monomer-like emission at 545 nm with its vi-
bronic satellite should have to be interpreted as originating from the Y states rather
than monomeric sf-PBI. In literature, the Y state is often interpreted as less relaxed
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excimer state [Walk85]. However, in contrast to the E-excimer emission which is
spectrally nearly identical for all studies, the shape of the Y-emission and its tem-
perature behavior varies strongly for different perylene derivatives and preparation
conditions. For unmodified or marginally altered perylene cores, the Y-emission is
reported to be very similar to the monomer emission [Walk85, Mahr94, Weis92].
In a-perylene crystals, emission from the Y state does not occur for temperatures
above 60 K and the E-emission completely vanishes only for temperatures below
30 K [Walk85]. In the case of highly concentrated Langmuir-Blodgett (LB) films of
perylenyldodecaoic acid, the E-type emission does not disappear at all, even not for
very low temperatures (2 K) [Mahr94, Weis92]. In contrast, for crystalline films of
chlorinated dimethyl-perylene-tetracarboxylic-acid diimide (Cl4MePTCDI) with a
twisted aromatic core [Graa08b], or low-concentrated LB-films of peryleneyldo-
decanoic acid [Akim97], the Y-emission resembles more the E-emission in spec-
tral shape and is energetically located between monomer and E-excimer. In the
case of crystalline Cl4MePTCDI [Graa08b] and MePTCDI films [Puec96], the rise
of the Y-emission at low temperatures is not correlated with a decrease of the E-
emission as it is the case for a-perylene crystals [Walk85] or concentrated LB films
[Mahr94]. Thus the E-state seems not to be populated via the Y-state in such sys-
tems.
The partly contradictory findings for the different systems indicate that the true na-
ture of the Y-emission is only poorly understood. Obviously, under certain condi-
tions there is an additional emission at lower energies than the E-excimer for many
systems, which is overall denoted as Y-emission. The origin and behavior of this
emission, however, seems to depend on the molecular as well as the aggregation
geometry. The Y-state found for the sf-PBI emission on the nanostructures is sim-
ilar to the monomer emission and thus cannot be very different from the monomer
excited state. It may also be valid to interpret this state as a monomeric state which
is slightly altered by the environment of other sf-PBI molecules rather than a pure
excimer state in which two PBI molecules are electronically involved. Neverthe-
less, the term ’Y-state’ will be used within this thesis to describe the characteristic
monomer-like emission at 545 nm, despite its ambiguous meaning.
As mentioned above, the transition from E- to Y-emission occurrs only for tem-
peratures below 60 K in a-perylene crystals [Walk85] and highly concentrated LB
films of perylenyldodecaoic acid [Mahr94, Weis92]. However, in the case of sf-
PBI on the silicon oxide nanostructures, the E-type emission nearly vanishes at
even higher temperatures and the Y-emission is visible even at room temperature.
This is quite surprising as the order of the molecules on the rough and chemically
inhomogeneous anodic oxide is not expected to be very high. In the following,
the excimer formation kinetics of sf-PBI bound to the silicon oxide nanostructures
will be discussed from a molecular point of view which accounts for a presumably
heterogeneous nature of thin PBI films in contrast to a uniform crystal.
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In an a-perylene crystal, the perylene units are aligned as depicted schematically
in figure 6.9. The molecules are arranged in a coplanar orientation forming H-
type dimers but there is a certain inclination between the two units due to the
lattice structure. The centers of the molecules are shifted by 0.9 A˚ in the direc-
tion of the long molecular axis and by 1.3 A˚ in the direction of the short molec-
ular axis [Mahr94]. It is generally argued that the E-emitting excited state corre-
Figure 6.9: Geometry configuration of parallel perylene H-dimers in an a-perylene
crystal.
sponds to a configuration where the distance between the molecular centers and
also the interplanar distance is shortened, thus increasing the intermolecular over-
lap [Mahr94, Wars74, Veld08, Gao11]. According to standard exciton theory, a
coplanar inclination of coupled parallel transition dipoles leads to a shift of the
dimer energy levels [Kash65]. The thermal activation energy which is necessary
for the E-type emission depends on the overlap of the perylene cores in the initial
molecular configuration as well as the possibility of the perylene units to change
their arrangement within their matrix towards the optimal E-excimer geometry. As
the molecules align in a coplanar fashion with a certain inclination, they will need
some thermal motion (e.g. lattice vibrations) in order to change their orientation
to the E-type geometry. For sufficiently low temperatures, the system will freeze
out and the E-emission vanishes. Due to the rather rigid nature of the crystalline
structure, the E-type emission can only be observed for temperatures above 30 K.
In the case of sf-PBI bound to the LAO nanostructures the E-emission decreases
drastically even for much higher temperatures (above 185 K, cf. figure 6.7) which
can be explained by a very tight binding of the sf-PBI molecules to the nanos-
tructure that prevents the reorientation of the perylene cores. This is most likely a
result of the electrostatic attachment of the dyes. Each sf-PBI molecule is bound
by six positive charges (three at both spermine groups) that will assemble in a min-
imum energy configuration within the electrostatic potential map of the negatively
charged LAO oxide. The strong electrostatic interactions between the charged ox-
ide and the comparably long polycationic spermine chains will dominate the ar-
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rangement of the molecules on the surface of the nanostructures rather than the in-
teractions between two perylene units. Therefore a large thermal energy is needed
in order to allow for a reorientation of the perylene cores. For comparison, also the
film of sf-PBI molecules which was spincoated from a 10 5 M solution on thermal
oxide has been investigated at low temperatures (figure 6.10). Emission spectra
Figure 6.10: Normalized emission spectra of a sf-PBI dye film on 100 nm thermal sili-
con oxide substrates (dye concentrations of 1:6  10 5 M in the spincoated
solution) measured in vacuum at 300 K (black), 200 K (red), 150 K (blue)
and 77 K (yellow) using LSCM with an excitation wavelength of 488 nm.
have been measured on at least 10 different positions on the substrate and have
been averaged and normalized. Obviously there is no or only very little influence
of the temperature on the E-type emission within the realizable temperature range.
This indicates that even at 77 K the thermal energy is high enough in order to allow
for configuration changes of the sf-PBI molecules within the thin films. This is
also in agreement with the results both for perylene crystals as well as Langmuir-
Blodgett thin films of different PBI molecules, where the decrease of the E-type
emission occurs only at temperatures below 60 K [Walk85, Mahr94, Weis92]. The
vanishing of the E-emission at comparable high temperatures for sf-PBI bound to
LAO oxide, seems to be related to the special conditions in the case of electro-
static binding, which further endorses the considerations above. It should also be
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remarked, that the non-vanishing E-type emission at low temperature does not nec-
essarily mean that all the oligomers on the surface have to retain the possibility to
undergo configurational changes into the E-type geometry. Mahrt et al. have pro-
posed that in investigated LB films the majority of the PBI units form metastable
or unstable dimer configurations and only a small fraction of the dimers are stable
parallel dimers or able to relax into an E-excimer geometry [Mahr94]. They argue
that these stable or E-excimer forming dimers function as traps and luminescence
centers for the other excited molecules. The transition from E-type emission to
Y-type emission at low temperatures would therefore be governed by an excitation
energy transfer from the metastable or unstable dimers to these traps. However,
this theory does not explain the difference of the temperature dependence of the
emission spectra between spincoated films and sf-PBI electrostatically attached to
the nanostructures and is therefore not elaborated any further.
The model from figure 6.8 does also not explain another experimental observation
regarding the low-temperature behavior of bound sf-PBI. After cooling a sample
with sf-PBI functionalized nanostructure down to 77 K, the temperature was in-
creased gradually to 300 K within 1 h. However, this did not lead to an instant
recovery of the E-excimer emission (see figure 6.11A). Only after 14 h at room
temperature (RT), the E-emission reappeared though it is still weaker compared to
the 545 nm peak than before the exposure to the low temperature (figure 6.11B).
This is quite surprising as once the system has been heated up again to room tem-
perature, the thermal motion should enable a change of the molecular configuration
and a reoccurring of the E-emission. Yet, this is not the case and even after several
hours the E-type emission is still quenched considerably. Therefore, the follow-
ing simplified scheme has been derived for the sf-PBI fluorescence emission (see
figure 6.12). After excitation and transition to the Y states, there is an energetic
barrier for transition to the E state. This barrier can also be understood in terms of
a thermal activation energy EA which is necessary for the configuration changes. At
room temperature, this barrier can be overcome and there is a prominent emission
from E states (figure 6.12A). For lower temperatures, there is not enough thermal
energy for the transition to the E states and instead a stronger emission from the Y
states should occur. Unfortunately, this cannot be directly proven as only relative
changes between E- and Y-type emission can be observed accurately (explanation
see above). However, the decrease of the temperature must also mean an increase
of the energy barrier (to a value of EA) which is only slowly reversible (figure
6.12B). Thus, even for elevated temperatures, it is nearly impossible to form E
states due to this energetic barrier. As it is evident from figure 6.7, there is a tran-
sient and not an abrupt vanishing of the E-emission. Furthermore, even at 77 K,
the E-emission does not disappear completely but decreases in relative intensity
and shifts slightly to smaller wavelengths (figure 6.11B). Obviously, this energy
diagram is not identical for all the aggregates but there is a multitude of different
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Figure 6.11: A: Emission spectra of sf-PBI bound to a LAO nanostructure measured in
vacuum at 77 K (black), 177 K (red), 250 K (blue) and 300 K (yellow)
using LSCM with an excitation wavelength of 488 nm. Spectra have been
measured during heating up from 77 K to 300 K. B: Emission spectra of
sf-PBI bound to a LAO nanostructure before cooling down (black), at 77 K
(blue) and after 14 h at room temperature (RT) subsequent to cooling to 77 K
(red).
energetic landscapes and barrier heights. The arrangement of the sf-PBI molecules
on the LAO oxide is determined by an equilibrium between electrostatic attraction
of the spermine chains towards the substrate at the one hand as well as a repulsion
between the chains (figure 6.13A, red arrows) and the tendency of the perylene
cores to form stacks on the other hand (figure 6.13A, blue arrows). The configu-
ration of the sf-PBI molecules on the LAO structure is therefore an unknown and
complicated function of those interactions and the temperature-dependent three-
dimensional degrees of freedom of the molecular entities. Therefore, the discussed
geometries below are just special cases which may be helpful to understand the
underlying processes but are only a coarse simplification of the true conditions on
the surface. Let us assume a molecular configuration of a sf-PBI dimer as depicted
schematically in figure 6.13B. At room temperature, the thermal energy is high
enough for the spermine chains to avoid the electrostatic repulsion between each
other by bending upwards. This configuration also allows for a relaxation of the
PBI cores into an optimal p-p-stacking or E-excimer geometry. If the temperature
is reduced, there is not sufficient thermal energy to allow for a large bond angle
motion of the spermine chains. Thus the chains bend down and the repulsion be-
tween them forces the molecule to rotate (figure 6.13C). Finally, the molecules
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Figure 6.12: Schematic energy diagram for Y- and E-emission of aggregated sf-PBI
molecules at room temperature A) before and B) after cooling down to low
temperature.
orient in a new minimal energy configuration (6.13D) which is much more differ-
ent from the optimal stacking or E-type geometry and also very stable because of
the electrostatic binding of now all four spermine chains of the dimer. This stable
configuration is also the reason for the very long recovery time of the E-emission
once the substrate has been cooled down and heated up again. Of course, there
may not only be a rotational re-orientation as depicted in the example above but
also translational or angular changes which will lead to a re-organization of the
molecules in a new minimum energy configuration within the negative potential
surface. The surprisingly stable arrangement after cooling down is most likely also
a result of the different distance dependencies of the involved interactions. The con-
ventional understanding of p-p-stacking involves quadrupole interactions between
the delocalized electrons in p-orbitals of aromatic compounds though true nature
of the driving forces for this stacking is still debated controversially [Grim08]. A
complete synopsis about this field is far beyond the scope of this chapter, but in
summary, the interaction energy depends strongly on the inter-fragment distance R
(at least  R 6) [Grim08], which means that the stacking interaction is only strong
for short separations of the perylene cores. The electrostatic forces between the
spermine groups and the negatively charged substrate on the other hand possess a
much longer ranged character (electrostatic force R 2). In conclusion, the strong
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Figure 6.13: A: Schematic representation of different interactions governing the arrange-
ment of sf-PBI dimers on local anodic oxide. Blue arrows denote p-p-
interactions and red arrows symbolize electrostatic interactions. B-D: Ex-
emplary configurational re-orientation of a sf-PBI dimer upon lowering of
the temperature. At room temperature, the spermine chains can bend up-
wards and allow for a relaxation of the PBI cores into an optimal E-type
geometry (B). Reduction of the temperature leads to a bending down of the
chains and a reorientation of the monomeric units relative to each other (C).
The final configuration (D) is much more different from the optimal E-type
geometry and also especially stable because of the electrostatic binding of
all of the spermine chains.
electrostatic interaction between the spermine chains and the substrate seems to be
the reason for the hindrance of the relaxation into the p-p-stacking or E-excimer
geometry. This is also substantiated by the observation that after storing sf-PBI
thin film sample prepared from 10 5 M solution at RT, there is a slow gradual in-
crease of the E-type emission. After two months, the relative intensity of the E-type
emission increased by roughly a factor of four compared to the monomer emission
which indicates rather slow kinetics of the reorganization processes within the thin
film. In order to prove the theory of the configuration changes at low temperatures,
an absolute measurement of the intensities of E-excimer and monomer emission
would be very helpful. If the above considerations are true, then a decrease of the
E-emission should also lead to an increase of the monomer emission. However, as
stated above, such a quantitative measurement is very difficult for the investigated
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systems.
The geometrical argumentation so far is the most likely but not the only possi-
ble explanation for the decrease of the E type emission. Another explanation may
be provided by taking trapping mechanisms into account. Recent studies indicate
that charge transfer (CT) states or CT excitons have a strong influence on the opti-
cal properties of perylene oligomers [Veld08, Gao11, Gang10]. When the excited
dimerized sf-PBI molecules cannot undergo a fast conformational change into the
E-excimer geometry due to the low thermal energy, the formation of CT excitons
may be possible instead. If there are suitable trap states available in the environ-
ment of the perylene cores, electrons or holes could be localized there. With a
trapped CT exciton, the dimer cannot be excited by the incident light anymore and
the E-type emission is quenched effectively. In order to explain the observed slow
recovery of the E-emission after cooling down, this trapping mechanism has to be
very stable (long trapping times). There are many possible candidates for such traps
in the case of sf-PBI on LAO nanostructures. The surface of the oxide structure is
supposed to possess many unsaturated bonds due to the strong non-equilibrium na-
ture of the oxidation process. Such dangling bonds are discussed as traps for elec-
trons or holes in semiconductor nanocrystals that cause fluorescence intermittency
phenomena [Kras11]. Also the negative charges within the oxide or the positively
charged spermine groups may be traps for charge carriers if they are close to the CT
excitons. At first glance, the spermine groups have to be ruled out, as for thin films
of sf-PBI no temperature dependent vanishing of the E-emission was found. How-
ever, one has to keep in mind that the arrangement of sf-PBI on the LAO structures
is without much doubt very different from that on uncharged oxide. On thermal ox-
ide surfaces, the sf-PBI molecules can arrange more freely and will form different
geometries. AFM-investigations of sf-PBI films on mica show that the molecules
tend to form globular structures with a size of 2-3 nm [Rehm10]. This result was
explained by molecular dynamic calculations and attributed to a self-aggregation
of the molecules into micelle-like structures. Within those micelles, the perylene
units constitute the (hydrophobic) core and the spermine residues form the (hy-
drophilic) shell. Consequently there is a clear separation of spermine and pery-
lene entities whereby the perylene cores are much closer to each other than to the
positive charges at the spermine chains and an occurring trapping event is rather
unlikely. A similar micelle formation may also take place in the films prepared
on thermal oxide. From the AFM investigations it must be concluded that sf-PBI
does not form such structures when bound to the LAO nanostructure. The electro-
static interaction that drags the molecules towards the surface is stronger than the
forces causing a phase separation and micelle formation. Thus it is also possible
that a positively charged spermine group is close enough to a perylene core to act
as a trap for the electrons of the CT exciton. In order to decide which of the both
explanations is more adequate for the observed phenomena, a control experiment
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has been devised in the following manner: A fluorescence spectrum of an sf-PBI-
functionalized LAO nanostructure has been taken at room temperature, then the
sample was cooled down to 77 K in an evacuated cryostat in complete darkness
and kept at that temperature for 30 minutes. Afterwards the sample was heated up
again to room temperature, removed from the cryostat and investigated once more
by fluorescence microscopy. The obtained spectra before and after the cooling pro-
cedure are plotted in figure 6.14. In this case there is no perylene monomer-like
spectrum detectable which leads to the assumption that on this structure nearly all
of the sf-PBI molecules can change into the E-excimer geometry. Thus, a relative
comparison of the E-emission and monomer emission is unfortunately not possi-
ble. Therefore the adjustment of the focus position was performed with the highest
possible precision with a relatively low excitation power (250 nW) in order to min-
imize the bleaching of the dyes. As it can be seen from figure 6.14, there seems to
be a decrease of the E-type emission once the sample has been cooled down to 77 K
even if the sample is not excited optically at low temperatures. This would clearly
contradict the explanation approach that the decrease in E-emission at low tem-
peratures is caused by CT exciton trapping, because without illumination no such
excitons are created which could be trapped. The experiment also indicates that
there is no appearance of Y-emission upon decrease of the E-emission. Therefore
it can be concluded that the excitation energy decays via non-radiative channels if
the molecules cannot change into the E-excimer geometry. Furthermore it was ob-
served that for very ragged oxide structures (not shown in this thesis) in some cases
the emission spectrum and its low temperature behavior is different from that on
comparably smooth LAO oxide surfaces. Obviously there is a strong dependence
of the dye aggregation on the surface topography which also favors the geometric
explanation attempt rather than the trapping approach. A systematic study concern-
ing the influence of the oxide roughness on the spectra of the bound sf-PBI dyes
would be very interesting, though it would necessitate a very high experimental ef-
fort as the oxide roughness is very hard to control. Additionally, an influence of the
lateral roughness on a molecular scale (some nanometers) has to be assumed which
is only accessible by high resolution AFM measurements and cannot be probed by
optical methods (diffraction limited laser spot). In conclusion, it is clearly evi-
dent that the special conditions on the charged LAO oxide lead to a quenching of
the E-emission at low temperatures. This process is at least partially reversible by
thermal annealing, though the observed recovery times are rather long (several 10
hours). In consideration of the current experimental data, a reorganization of the
sf-PBI molecules on the surface seems to be the most promising explanation. How-
ever, a systematic and more detailed study of the low-temperature behavior as well
as the interplay between aggregation and surface topography would be necessary
in order to develop a self-contained model of sf-PBI aggregation on LAO oxide
nanostructures.
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Figure 6.14: Emission spectra of sf-PBI on an LAO oxide nanostructure measured in vac-
uum at room temperature after preparation (black) and after freezing for 30
minutes at 77 K under dark conditions (blue) using LSCM with an exci-
tation wavelength of 488 nm with an excitation power of 250 nW. Spectra
have been integrated for 10 s. The small feature at 544 nm is due to stray
light from the environment which could not be removed completely by a
background correction.
6.3.4 Fluorescence life time investigations of bound sf-PBI
dyes
In order to further investigate the interaction of the sf-PBI molecules bound to a
LAO nanostructure, the life time of their excited state has been probed via time-
resolved fluorescence microscopy. Figure 6.15 shows a typical fluorescence decay
curve of sf-PBI on an LAO oxide nanostructure (red curve) compared to the de-
cay in solution (blue curve). In aqueous solution, the fluorescence decay is nearly
mono-exponential which is expressed by a linear shape of the decay curve in a
log-lin diagram. The fluorescence life time was determined to be (4:1 0:1) ns
which is in agreement with previous investigations of the dye [Rehm10]. In con-
trast, the decay of sf-PBI bound electrostatically to a nanostructure is clearly multi-
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Figure 6.15: Log-lin plot of the normalized fluorescence decay curve of sf-PBI in a
10 7 M aqueous solution (blue) and bound electrostatically to a LAO ox-
ide nanostructure (red) including a tri-exponential fit (dotted black). The
decay has been measured over the whole spectral range. The instrumental
response function for the LAO measurement is displayed as a gray curve.
exponential. At least three different life time components are required to deliver
a satisfactory fit result over the whole curve (black dotted curve in fig. 6.15). Fit
functions in the following form have been used for evaluation of the decay curves:
I(t) = A1e t=t1 +A2e t=t2 +A3e t=t3 (6.1)
The shortest time constant t1 is typically in the order of 1 ns, the medium time
constant t2 is around 4 ns and the long decay time t3 is in the order of 14 ns. To
understand the multi-exponential nature of the fluorescence decay, three different
mechanisms have to be considered:
(i) As it is evident from the spectral investigations, there are at least two different
species of sf-PBI present on the LAO nanostructure: monomer-like (or Y-type)
emitting molecules as well as molecules that show E-type emission. Both species
possess quite different fluorescence life times, for the monomer or Y state it should
be very similar to that in solution (4 ns) whereas the fluorescence life time for the
E-emission of perylene crystals is in the order of 100 ns [Walk85].
(ii) An efficient excitation energy transfer is expected for dye molecules that are close
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to each other (as it is the case for electrostatically bound sf-PBI) which leads to a
decrease of the fluorescence life time. It has been shown that upon increase of the
perylene dye concentration in LB films, there is a decrease of the life time as well as
a transition from mono-exponential to a bi-exponential decay [Akim97]. This was
explained by energy transfers between monomers, two different excimers as well
as monomers and excimers. Also for chemically designed u-shaped PBI dimers, a
double-exponential decay of the fluorescence has been found [Veld08]. Here the
authors attributed this to the existence of two excited states of the dimerized PBI.
(iii) As the sf-PBI molecules on the nanostructures are separated from the underlying
silicon only by the oxide height (a few nm), a very strong energy transfer between
the dyes and the silicon is expected by classical electromagnetic theory [Dext79,
Aliv87] that should decrease the measured fluorescence life time dramatically.
As a result of all three processes, the fluorescence decay of sf-PBI bound to
the nanostructures is in average faster than in solution and possesses at least
tri-exponential characteristics. In the following, the different aspects will be
investigated and discussed in greater detail.
As a control experiment in order to exclude the quenching of the underlying silicon,
again films of sf-PBI spincoated on silicon wafers with a 100 nm thick thermal
silicon oxide layer were investigated. The fluorescence decay curves of sf-PBI
films prepared from different concentrations (1:6  10 3 M to 1:6  10 8 M) of sf-
PBI in ethanol solution are displayed in figure 6.16. The life time investigations
have been carried out parallel to the spectral investigations, so each curve at a
certain concentration refers to the corresponding spectrum in figure 6.6.
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Figure 6.16: Log-lin plot of the normalized fluorescence decay of sf-PBI films on 100 nm
thermal silicon oxide on silicon substrates for dye concentrations of 1:6 
10 8 M (gray), 1:6  10 7 M (light blue), 1:6  10 6 M (red), 1:6  10 5 M
(dark blue) 1:6 10 4 M (yellow) and 1:6 10 3 M (black) in the spincoated
solution. The decay has been measured over the whole spectral range.
At first glance, the decay curves seem to become more and more multi-exponential
with an increasing amplitude of longer time constants for an increasing concentra-
tion of sf-PBI in the spin-coating solution and therefore also on the surface. Also
the general qualitative characteristics of the spectral development can be found in
these curves. For µM concentrations and below, the curves are very similar to
each other and can be attributed to the monomer emission (see also figure 6.6).
At a concentration of 10 5 M, there is a transition to a stronger multi-exponential
behavior of the fluorescence decay (spectrally there is a conjunction of monomer
or Y-fluorescence and E-excimer spectrum) and at a concentration of 10 4 M and
above the curves are again very similar to each other (predominant E-excimer spec-
trum). However, even for low concentrations the decay curves are not purely mono-
exponential. The reason for this is still unclear but may be connected to differences
of the dielectric environment of the dye molecules on the silicon oxide surface.
In any case, the curves have been evaluated by a tri-exponential fit according to
equation 6.1 which has turned out to be sufficient in order to retrace the decay sat-
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isfactorily. The obtained life times and amplitudes from those fits are displayed in
figure 6.17. The evaluation of the decay also confirms the conclusions from above.














































Figure 6.17: Obtained life times tn (left)and their respective amplitudes An (right) for tri-
exponential fits of the fluorescence decay curves in figure 6.16 according to
equation 6.1.
For concentrations above 10 6 M, the longest time constant increases significantly
(by more than a factor of two) and also the medium decay time becomes larger.
Yet there is no clear change in the amplitudes of the different decay components.
The medium time constant has the strongest weighting of the three components
(roughly two-thirds) and the other decay times share the remaining third. This
means that though the magnitude of the three time constants changes for different
concentrations, their distribution remains rather similar. As the spectral properties
are changing dramatically from low concentrations (monomer emission) to high
concentrations (E-type emission), it can be concluded that the mere existence of
three different decay times cannot be attributed directly to the three different emis-
sive states (monomer, Y state, E state). The multi-exponential nature of the decay
seems to be a result of the system itself (sf-PBI on silicon oxide) and indepen-
dent of the origin of the emission (isolated molecules, dimers or excimers). In
order to unravel the origin of the multi-exponential decay as well as the correlation
between spectral properties and life time, a more detailed analysis of spincoated sf-
PBI films (preferentially using spectrally resolved life time measurements) would
be very interesting. Especially the transition region between monomer and E-type
emission (around 10 5 M) should be analyzed in smaller concentration intervals
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as the strongest qualitative difference of the curves seems to occur here. At a con-
centration of 10 5 M a decrease of the amplitude of the long time constant and an
increase of the amplitude of the shortest decay time is observed (see figure 6.17 and
also figure 6.16). This may be a hint for a fast energy transfer between monomer
sf-PBI molecules and aggregates that coexist on the surface at this concentration.
As a next step, the quenching of the underlying silicon has been the subject of
investigation. Therefore, LAO line structures with a different height have been
prepared followed by binding of sf-PBI and investigation by time-resolved fluo-
rescence microscopy. The results of these investigations are displayed in figure
6.18.
Figure 6.18: Log-lin plot of the normalized tri-exponential fluorescence decay fits of the
decay curves of sf-PBI bound to LAO nanostructures with different thick-
ness ranging from 5.3 to 9 nm (solid curves) and spincoated from a 1:6 10 5
M solution on silicon with a 4 nm thermal oxide layer (dashed curve). The
decay has been measured over the whole spectral range. The inset shows
an AFM height profile of the used LAO line structures. Note that the oxide
height is larger than the detected topographic height as 40% of the LAO ox-
ide is below the silicon surface and the self-assembled monolayer leads to
an additional virtual decrease of the height. For details see chapter 6.1.
As the measurement exhibits a rather low signal-to-noise-ratio, differences between
the curves are small (the oxide height can be adjusted only in a rather narrow win-
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dow). Therefore, not the measured data is displayed but the tri-exponential fits of
the curves. The inset in figure 6.18 shows also the AFM profile of the line struc-
tures. To exclude local difference within the oxide lines, several measurements
on different spots on each line have been performed and the fluorescence decay
curves have been averaged for each line. The obtained parameters from the tri-
exponential fits for different oxide thickness are displayed in figure 6.19. All three





































Figure 6.19: Obtained excited state life times tn and their respective amplitudes An for tri-
exponential fits according to equation 6.1 of the fluorescence decay curves
of bound sf-PBI depending on the oxide thickness.
life time components are becoming larger for an increasing oxide thickness. This
is just as expected because the energy transfer between excited molecules and the
underlying silicon depends strongly on their distance [Aliv87]. Therefore also the
shortest life time component possesses the largest amplitude in contrast to the sf-
PBI films on 100 nm oxide. To get a more quantitative analysis of the quenching,
the evaluated data was compared with predictions from a theoretical model.
The energy transfer rate between excited molecules and a metal or semiconductor
surfaces and the consequential lowering of the fluorescence life time has been de-
scribed by several classical and quantummechanical approaches [Chan78, Chan76,
Pers82, Stav85]. Briefly, those models generally regard an electronically excited
molecule as oscillating point dipole, separated by a spacer with a certain thickness
d from the acceptor medium (see figure 6.20). The dipole field incident on the
acceptor is partially reflected and partially absorbed in a manner governed by the
dielectric constant e of the involved media. Thus the imaginary part of the electric
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Figure 6.20: Schematic geometry relevant for molecule-semiconductor or metal energy
transfer. The es denote the complex dielectric constants of the involved
media.
field at the dipole can be related to the life time of the molecule. In general, such
models yield to the result that the fluorescence life time is related to the spacer
thickness d by a d 4-dependency in the case of metal acceptor substrates or a d 3-
relation in the case of a semiconductor respectively. Several experimental studies
of distance dependent lowering of the fluorescence life time through molecule-
semiconductor energy transfer have found a good agreement with a simple cubic





Here td is the distance dependent life time, t0 is the ’free’ life time of the emitter
without the presence of the acceptor and d0 is the critical transfer distance where
the rate constant for the energy transfer is equal to that for fluorescence of the
molecule in absence of the acceptor. However, the d 3-relation in this form is too
arbitrary in order to be compared to the obtained data points as there is no informa-
tion about the value of d0 which would remain a fitting parameter which is hardly
assessable. Therefore, a more fundamental model has been used to compare the ex-
perimental results with the theoretically expected behavior. The employed theory
has been established by Persson and co-workers [Pers78, Pers80, Pers82, Avou84]
and was already used by other groups to evaluate the distance dependency of the
fluorescence life time of rhodamine 6G on aluminum [Cnos93] and rhodamine B
on silicon substrates [Ishi98]. In this theory, the excited state life time td(d) of an
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oscillating dipole at a small (kd 1) distance above a metal surface is given by:




























where t¥ is the fluorescence life time at an infinite distance from the acceptor,
k is the magnitude of the wave vector at the emitted frequency w, eA(w) is the
complex dielectric constant of the acceptor medium, e1 is the dielectric constant
of the medium in which the dipole is embedded, h is an orientational parameter,
kF is the Fermi wave vector of the electron gas, wF the Fermi frequency, wp is
the plasma frequency and x a constant which depends on the electron gas density.
The last two terms in the square brackets contain electron-gas parameters and for
very small molecule-surface separations (d < 5 nm) those terms are dominant and
cause the d 4-dependency in the case of nearly free-electron-like metals [Cnos93].
The first term is describes the bulk scattering contribution to the dampening of the
emissive rate and shows a d 3-dependence. A derivation and detailed discussion
of the different terms in equation 6.3 is beyond the scope of this thesis and can
be found in the mentioned literature [Pers78, Pers80, Pers82, Avou84]. As the
thickness of the LAO nanostructures is above 5 nm and the substrate is not a metal
with a free electron gas but a semiconductor, only the first term is important for
the following analysis and consequently the last two terms in equation 6.3 can be
omitted [Ishi98]. Thus equation 6.3 simplifies to:















For the involved parameters, the following values can be assumed: As the sf-PBI
molecules are most likely oriented in parallel fashion to the substrate, the orienta-
tional parameter h is 0.75 [Cnos93]. The complex dielectric constant of the accep-
tor is a function of the energy of the dipole radiation. Unfortunately, the spectrum
of the sf-PBI emission is rather wide, so there is no discrete dipole energy. For
a coarse approximation, an energy of 1.91 eV ( 650 nm) was assumed, as this
is roughly the maximum position of the dominant E-type emission. The imagi-
nary part of eA of weakly doped silicon is about 0.126 for this energy [Aspn83].
In equation 6.3 and 6.4, e1 denotes the dielectric constant of the medium that sur-
rounds the dipole. As the dipole is situated at the interface between silicon oxide
(eSi  2.1 [Phil71]) and air (eair  1), theoretical curves have been calculated for
both values as limiting cases of e1. Values for t¥ have been taken from the in-
vestigations of sf-PBI films on 100 nm oxide at a concentration of 10 5 M (see
figure 6.17). For these films the quenching by the underlying silicon is negligible
because for spacer thicknesses above 40 nm, there is nearly no influence of the
substrate [Sluc95, Aliv87]. The determined theoretical curves for the long life time
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(t¥ = 8:46 ns 1 and the medium life time t¥ = 2:12 ns 1 are displayed in figure
6.21 together with the measured values from figure 6.19. Evidently, the distance-
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Figure 6.21: Fluorescence life times of sf-PBI for different LAO oxide thickness from
figure 6.19 compared to the theoretically expected curves according to equa-
tion 6.4 for different free life times t¥ and surrounding media.
dependence of the middle time constant t2 and the short time constant t1 of sf-PBI
on the nanostructures corresponds to the long (8.46 ns) and the middle (2.12 ns)
time constant of the emission in absence of the quenching substrate. The shortest
decay component (0.4 ns) of the sf-PBI film emission on 100 nm oxide is likely to
be quenched below the detection limit and is not observable anymore. However,
the existence of the third time constant t3 is completely unexpected. As it is even
larger than the long decay component of the films far away from the silicon, it
would be related to a substantially slower decay which is only present for sf-PBI
bound to the LAO structures. However, the relatively low amplitude ( 0:1; see
figure 6.19) of this long component makes such a conclusion arguable. Although
the theoretical curves show a reasonable agreement with the measured decay times,
an examination of the decay times for oxide thicknesses over several magnitudes
would be necessary in order to provide a verifiable survey of the model. Since the
controlled LAO oxide thickness is limited to one order of magnitude at the most,
1value from figure 6.17, 10 5 M
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such an investigation is unfortunately not possible with the investigated systems.
Furthermore, there are many factors that provide a certain scope for uncertainties.
First of all, the theoretical model was derived for a single emitter on a flat and
infinite dielectric surface. The LAO oxide surface on the other hand is laterally
confined and the molecules are packed densely on it. The oligomerization of the
sf-PBI molecules, as evident from the spectral investigations, and a possible en-
ergy transfer between them may further influence the true distance dependency of
the quenching by the silicon substrate. As mentioned above, the model has been de-
rived for a dipole which is isotropically surrounded by the dielectric medium with
e1. In the present experimental case, the sf-PBI molecules are located at the silicon
oxide/air interface. This has been tried to be accounted for by the calculation for
both ideal cases and the measured values are indeed mostly within the intermediate
region of both curves. Nevertheless, possibly occurring surface effects that are not
included in the calculations may lead to a deviation from the pure d 3-dependence.
Last but not least equation 6.4 is only valid for a dipole with a discrete energy. The
emission spectrum of sf-PBI on the LAO nanostructures is rather wide though. This
means that the influence of the underlying silicon on the dampening of the emissive
rate should also have a rather broad distribution. In figure 6.18, also the fluores-
cence decay fit of a sf-PBI film spincoated from a 1:6 10 5 M solution on silicon
with a 4 nm thermal oxide layer is displayed (dashed curve). As expected, the fluo-
rescence decay is faster than for the 5.3 nm LAO nanostructure (especially the long
time component has a smaller amplitude and is shorter). A spectrally correlated life
time measurement would be very helpful in order to assign the different life time
components to different spectral features or emissive states. Unfortunately, this
was not possible with the available equipment. Instead a different sample has been
investigated time-resolved while separating the fluorescence emission into two re-
gions by utilizing a 570 nm short pass (SP) filter and a 585 nm long pass (LP) filter
(see figure 6.22). Figure 6.23 shows the normalized fluorescence decay curves for
both spectral regimes. Again, the decay can only be fitted satisfactorily by using
a tri-exponential function in the form of equation 6.1. The obtained fit parameters
are given in table 6.1.
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Figure 6.22: Spectral partition of the sf-PBI emission on the nanostructures by a 570
nm short pass (SP) and a 585 nm long pass (LP) filter.
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Figure 6.23: Decay curves and tri-exponential fits (red) of the fluorescence emission
below 570 nm (black) and above 585 nm (blue) of sf-PBI bound to a
LAO nanostructure.
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The fluorescence emission below 570 nm, which is attributed mostly to the
monomer-like emission, is dominated mainly by a very short decay time constant
of 0.32 ns. This can be understood in terms of a quenching by an energy
transfer to the underlying silicon as well as to the close-by dye aggregates or
monomers. Consequently, the already short life time component of the monomers
is further decreased. It should be mentioned that the short life time for this
regime (t1 = 0:11 ns) is below the temporal resolution of the detector (IRF-width
200 ps) and therefore should not be regarded as ’real’ value. The emission
above 585 nm consists to nearly equal parts of the two decay components 0.43 ns
and 1.22 ns. From that as well as the visual impression of the decay curves in
figure 6.23 it can be concluded that even for a close proximity to the silicon,
the E-emissive states are significantly longer-lived than the monomer-like sf-PBI
molecules as it was already indicated by the temporal investigations of sf-PBI
films on 100 nm silicon oxide. Furthermore, it seems that the fluorescence decay
of the monomers possess a rather mono-exponential character whereas the E-type
excimers show a broader distribution of life times.
Table 6.1: Life times tn and relative amplitudes An of the decay components of the tri-
exponential fits in figure 6.23.
short component medium component long component




0.11 16.5% 0.32 80% 1.68 3.5%
> 585 nm
(E-excimer)
0.43 43.7% 1.22 42.7% 4.23 13.6%
In summary, all measurements show that the fluorescence decay of sf-PBI bound to
LAO nanostructures is clearly multi-exponential. This may be partly caused by en-
ergy transfer between the different species and/or states on the structure (monomers,
dimers). A theoretically expected dependency of the emissive rate dampening on
the dipole energy further enhances the multi-exponential character. The broad spec-
tral and decay time distributions indicate that there is a multitude of different in-
volved molecular states which may be understood in terms of a configurational
disorder within the electrostatically assembled sf-PBI films. Such an assumption
is also substantiated by the observation that for different samples with comparable
LAO oxide height but different preparation conditions (LAO oxidation parameters,
immersion time in the dye solution) the measured decay times differ slightly. The
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investigation of the influence of different preparation and system parameters on the
decay characteristics with a high spectral resolution would be very beneficial for
a deeper understanding of the true nature behind the assembly of sf-PBI on local
anodic oxide nanostructures. Time resolved experiments at low temperatures may
also help to further unravel the aggregation behavior. It should also be mentioned
that in the course of the sf-PBI investigations, experiments have not only been con-
ducted on pure silicon samples but also on SOI (silicon on insulator) substrates.
The used SOI wafers consist of three layers. The two bottom layers are just like
a usual 500 µm thick silicon wafer with a 100 nm thermal silicon oxide layer. On
top of the silicon oxide a third layer is deposited which is again silicon. This layer
is only 27 nm thick. The question was whether the local anodic oxidation and dye
binding techniques known from pure silicon substrates can also be performed on
this type of substrate. This may be especially interesting since the thickness of
the underlying silicon layer should also have an impact on the quenching of the
emitters bound to the LAO structures. The obtained results of the experiments on
SOI are briefly discussed in the following passage. First of all, the alkyl-monolayer
termination and following local anodic oxidation of SOI substrates was possible in
principle. However, the fabrication of smooth and homogeneous structures turned
out to be much more difficult than in the case of pure silicon substrates. This
is likely to be caused by difficulties with the electric contacting of the substrate.
The 100 nm thick insulating silicon oxide middle layer prevents a direct contact
between the bottom of the substrate and the top silicon layer. Therefore, a con-
tacting of top layer by using conductive silver paint has been employed. Never-
theless, much higher voltages are needed to perform the LAO compared to pure
silicon samples. Using AC instead of a DC voltage has been found to improve the
oxidation result significantly. However, the LAO lithographic structures on SOI
substrates are much wider compared to those on pure Si, which is ascribed to a
dispersion of the electric field between substrate and AFM tip due to the dielectric
spacer. It was also possible to functionalize the structures by electrostatic binding
of sf-PBI molecules. Contrary to expectations, however, the decay characteristics
of sf-PBI on LAO nanostructures on SOI substrates did not show fundamental dif-
ferences compared to those on pure silicon. Obviously, even the 27 nm silicon
layer is sufficient for an effective quenching of the fluorescence and cannot be dis-
tinguished from bulk material. Also the spectral fluorescence properties are very
similar to that for sf-PBI functionalized nanostructures on pure silicon. Consider-
ing the greater difficulties and lower controllability of LAO on SOI substrates, no




It could be demonstrated that a functionalization of LAO nanostructures with sf-
PBI molecules by electrostatic binding is possible in a reproducible and easily
feasible manner. Spectral and time-resolved investigation reveal that the fluores-
cence emission of such structures can in principle be compared to that of thin films
prepared by spin-coating on silicon substrates. The fluorescence spectra of the
sf-PBI-functionalized structures are a combination of an emission similar to that
of sf-PBI monomers as well as E-type excimer luminescence. Obviously, some
of the emitters exist in a state which is similar to the electronic configuration of
monomeric sf-PBI molecules whereas others are able to relax into an E-type ex-
cimer geometry. The electrostatic binding itself seems to have an influence on the
low-temperature behavior of the electronic and structural excimer kinetics. For sf-
PBI bound to LAO nanostructures there was a strong decrease of the E-emission
while cooling the sample to low temperatures whereas such a phenomenon could
not be observed for the spincoated sf-PBI thin films. Even after heating the sample
up to room temperature, it required days until the E-emission recovered to its initial
value. Furthermore, there seems to be a certain aging of the sample which means
that the ratio between monomeric peak and excimer peak in the emission spectrum
depends not only on the preparation conditions but also changes over time. This
may be understood in terms of a motional constriction due to the electrostatic forces
that bind the sf-PBI molecules to the local anodic oxide surface. However, further
studies of this temporal and temperature dependency as well as molecular dynamic
simulations would be very interesting in order to explain the observed phenomena
in detail. The decay process of the excited state has been found to be at least tri-
exponential, both for the dense spincoated films as well as for the dye bound to
LAO oxide. The multi-exponential nature seems to increase for the E-excimer part
of the spectrum compared to the monomer-like emission. This can be explained by
the fact that the excimer formation is influenced strongly by the steric situation of
the molecules on the surface which is very likely rather inhomogeneous, especially
for the electrostatically bound sf-PBI molecules. As expected, the excimers possess
a larger life time than the sf-PBI monomers. The theoretically expected influence
of close-by bulk silicon on the dampening of the emissive rate shows a satisfactory
agreement with the experimental data. Also, the investigations of the fluorescence
decay should not be regarded as fully concluded as they raise new and interest-
ing questions. Especially fluorescence life time experiments at low temperatures
and with spectral sampling would be very beneficial for a deeper understanding of
the invoked processes and with theoretical models may also give insight into the
interplay between conformation and electronic structure of the bound perylenes.
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7 Covalent binding of a fluorescein dye
using amino linkers
Abstract
This study investigates the controlled chemical functionalization of silicon ox-
ide nanostructures prepared by AFM-anodization lithography of silicon terminated
with organic monolayers. Different conditions for the growth of covalently bound
mono-, multi-or sub-monolayers of distinctively functional silane molecules on
the nanostructures have been identified using AFM-height investigations. Sev-
eral routes for the preparation of methyl- or amino-terminated structures or sil-
icon surfaces are presented and discussed. The formation of silane monolayers
on nanoscopic silicon oxide nanostructures was found to be much more sensitive
towards ambient humidity as e.g. silanization of larger OH-terminated silica sur-
faces. Amino-functionalized nanostructures have been successfully modified by
covalent binding of functional fluorescein dye molecules. Upon excitation, the
dye-functionalized structures show only weak fluorescence, which may be a hint
for a relatively low surface coverage of the dye molecules on length scale which is
not accessible by standard AFM measurements.
The content of this chapter is planned for publication:
T. Baumga¨rtel, C. v. Borczyskowski, M. Ara, H. Tada and H. Graaf: to be submit-
ted
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7.1 Introduction
A covalent binding of the functional molecules is superior to other attachment
mechanisms in many aspects, as covalent bonds are much more stable and allow
for surface functionalization in multiple steps (see also chapter 2). A direct bind-
ing of the functional material to the oxide nanostructure is possible if the material
possesses an appropriate anchoring group that binds selectively to silicon oxide sur-
faces. Synthesis of e.g. a perylene unit with such an anchoring group is possible but
not trivial. Therefore, only materials which are commercially available have been
used for this part of the thesis. A standard material for chemical modification of
silicon oxide surfaces are silane compounds such as trichlorosilanes or ethoxysi-
lanes [Sagi80, Howa06]. In order to provide the possibility for further chemical
modification by click chemistry, functional silanes are of major interest. Those
molecules possess a functional head-group (e.g. carboxyl, amino or thiol group) in
addition to the silane tail group. This functional head group can react with other
molecules resulting in an immobilization of the desired material on the structure
with the silane molecule as linker. The binding of diverse silanes to silicon oxide
surfaces has been subject of several investigations [Ulma96, Fade00, Desb11]. A
functionalization of an LAO nanostructure on the other hand, has so far not been
investigated in detail. Ara et al. reported binding of octadecyl-trichlorosilane to an
LAO structure, however, they only found a height increase of about 0.4 nm which
indicates only a partial coverage (the molecules are not densely packed) [Ara02a].
In a diploma thesis [Viel06], Vieluf detected a height increase after exposing the
nanostructures to a functional silane, yet the height increase was rather non-uniform
and the AFM image acquisition parameters (used tip, setpoint) may have varied be-
tween the measurements.
This section will cover the covalent modification of the nanostructures with func-
tional silane molecules and the successive binding of fluorescein-5-isothiocyanate
(FITC) to amino-terminated silanes on the LAO oxide only. Several other attempts
using different routes such as thiol-metal reactions to immobilize semiconductor
nanocrystals or peptide bonding have been tested too but yielded a negative out-
come. FITC is a fluorescein derivative with a N=C=S functional group. This group
is reactive towards nucleophiles such as amine or thiol groups. This is e.g. used to
bind the dye to proteins that possess such groups, and this way label them selec-
tively. The attachment of FITC on the oxide nanostructures is realized in two steps,
as depicted schematically in figure 7.1. First, the functional silane aminopropy-
ltriethoxysilane (APTES) is bound to the LAO oxide which leads to an amino-
functionalization of the structure. In a second step, FITC is introduced to the sur-
face and binds with the N=C=S group to the amino group on the structure. As a
first preliminary investigation, however, the focus was not on the immobilization
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Figure 7.1: General route for covalent binding of FITC to a silicon oxide nanostructure
on alkyl-terminated silicon via APTES linker.
of FITC on the LAO nanostructure but on a whole amino-functionalized silicon
surface. These experiments have been conducted during a visit at the laboratory
of Prof. H. Tada at Osaka University, Japan. The Tada laboratory has previously
developed a chemical route in order to prepare amino-terminated alkyl monolayers
on a silicon surface which was confirmed by IR spectroscopy [Ara07]. They also
demonstrated the attachment of FITC to such a surface by fluorescence measure-
ments [Tada03]. The measured fluorescence intensity on the other hand was very
weak which can be attributed to a strong luminescence quenching by the under-
lying silicon and the fluorescence spectrum did not allow for a clear assignment
to FITC emission. Therefore, comparative AFM measurements with local anodic
oxide as absolute height mark have been conducted.
7.2 Experimental
7.2.1 FITC monolayers on silicon(111)
Prior to the monolayer formation the n-type silicon(111) substrates with a resis-
tivity of (1-10) Wcm have been cleaned by a very careful procedure. First, or-
ganic residues have been removed by ultrasonic baths in acetone and propanol for
5 minutes. Subsequently, the native oxide was etched with a 5% hydrofluoric acid
solution and the sample was cleaned and oxidized again for 30 minutes in a 3:2
mixture of sulfuric acid and hydrogen peroxide (’piranha-solution’). Finally, the
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oxide was removed by anisotropic etching for 40 minutes in a 40% NH4F solution
and a hydrogen-terminated silicon(111) surface was obtained. To prepare amino-
terminated monolayers, the etched samples have been transferred into a 1 M so-
lution of N-Vinylphthalimide (Sigma Aldrich) in mesitylene at room temperature
for 24 hours. After removal from the solution, the sample has been ultrasonicated
in dichloromethane and propanol as well as rinsed with ultrapure water in order to
remove any physical adsorbates. Hydrolysis of the phthalimide group was carried
out by immersion in a 40% aqueous solution of methylamine for 1 hour and subse-
quent rinsing with tri-ethylamine. The binding of FITC (Sigma Aldrich) has been
performed by immersion of the sample in a 0.5 M solution of FITC in H2O for 1
hour and subsequent repeated rinsing with ultrapure water. A ”JSPM-5200” AFM
(Joel, Japan) has been used for topography investigations as well as structuring of
the samples. The microscope was operated in contact mode for the LAO exper-
iments and non-contact mode for topography investigations. Ti-Pt coated AFM
tips with a resonance frequency of 70 kHz have been used as probes (”NSC36”,
Mikromash, Estonia).
7.2.2 Silanization and functionalization of LAO
nanostructures
Local anodic oxidation and AFM topography measurements have been carried out
as described in 6.2 and 6.3.1. Binding of OTS (octadecyl-trichlorosilane) and
other trichlorosilanes (ABCR, Germany) has been carried out by immersion of the
structured into a 10 mM solution of the silane in toluene (spectroscopic grade,
Merck). After a specific amount of time, the sample was removed from the so-
lution and rinsed thoroughly in ultrasonic baths of toluene, dichloromethane and
ethanol (all: spectroscopic grade, Merck). APTES (aminopropyltriethoxysilane,
Sigma Aldrich) was bound by immersion under the same conditions and prepa-
ration steps as the trichlorosilanes. For sparging of the silane / toluene solutions,
argon has been used as inert gas. Binding of FITC to the APTES-functionalized
structures was achieved by immersion of the samples in a low mM solution of FITC
in acetone (spectroscopic grade, Merck) for 90 minutes and subsequent cleaning in
ultrasonic baths of acetone, dichloromethane and ethanol. Optical investigations of
the samples have been performed with the SSCM setup described in chapter 3.
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7.3 Results and Discussion
7.3.1 FITC monolayers on silicon
Amino-terminated alkyl monolayers on Si(111) substrates have been prepared as
proposed by Ara et al. [Ara07]. A direct reaction of amino-terminated alkene
molecules to a hydrogen-terminated silicon surface is not possible in a controlled
manner as not only the double bond but also the amino groups are reactive towards
the silicon [Bitz96]. To avoid such a binding the amino group has to be rendered
inert with a protective group. Figure 7.2 shows the used route: first, vinylphthalim-
ide is bound to the Si-H surface which results in a vinylphthalimide monolayer. In
a next step, the phthalimide is hydrolyzed using methylamine, leading to an amino-
terminated monolayer on silicon. At last, FITC is bound to the amino groups and a
FITC-monolayer is obtained.
Figure 7.2: Covalent binding of FITC to a silicon surface via amino functionalized
alkenes.
An AFM image of a hydrogen-terminated silicon surface is displayed in figure
7.3A. Clearly visible terraces with a monotonic step height of 3 A˚ are typical for
the Si(111) surface which has been etched anisotropically by NH4F [Flid99, Fu03].
After the formation of a vinylphthalimide monolayer on the surface (figure 7.3B),
the image is considerably blurred. Though single terraces are still distinguishable,
their edges are not as sharp as for the Si-H surface. This effect may be due to two
main reasons: First of all, the carbonyl groups possess a negative partial charge
resulting in an effective repulsion between these groups of neighboring molecules.
Thus the vinylphthalimide molecules may not arrange in a monolayer as densely
packed and uniform as e.g. alkyl chains due to the molecular geometry. This leads
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to a slight increase in surface roughness and the underlying surface structure (ter-
races) is blurred. Secondly, the vinylphthalimide surface is much more hydrophilic
(water contact angle below 10) compared to the H-Si surface (water contact angle
110). Since the AFM measurements have been conducted under ambient condi-
Figure 7.3: NC-AFM images of a Si(111) surface after different chemical modifications.
A: Si-H surface after anisotropic etching. B: After binding of vinylphthal-
imide C: amino-terminated surface after hydrolysis of phthalimide D: LAO
nanostructure on the vinylphthalimide-terminated silicon.
tions, humidity from the surrounding air will condensate on the surface and form
a water layer especially on the hydrophilic vinylphthalimide surface. The surface
water leads to a damping of the AFM cantilever oscillation whenever the tip is
close to the surface and thus decreases the imaging resolution due to a decrease
of the Q-factor (similar to measurements in liquids [Hans94]). After hydrolysis of
the phthalimide, again clearly visible and sharp edged terraces are observed (figure
7.3C). As the residual amino-terminated hydrocarbon chain is relatively short, the
underlying surface structure is not concealed as much as in the case of vinylph-
thalimide termination. Furthermore, the contact angle of the amino surface became
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significantly larger (about 60) which is in agreement with previously reported val-
ues [Hozu01]. As AFM measurements of the uniformly covered surface only pro-
vide such indirect insight in the binding or unbinding of different species, an LAO
oxide structure has been implemented as a height mark. Local anodic oxidation
of vinylphthalimide-terminated silicon is possible and an exemplarily structure is
shown in figure 7.3D. Analogous to LAO on alkyl-terminated silicon, the vinylph-
thalimide monolayer is first degraded and then the underlying silicon is oxidized
resulting in a silicon oxide structure. The general measurement principle is de-
picted in figure 7.4. After the generation of a local oxide structure (figure 7.4B),
the hydrolysis of the phthalimide leads to a height increase of the structure when
measured via AFM as the rest of the surface lowers (figure 7.4C). In turn, the sub-
sequent binding of FITC leads to a decrease in height (figure 7.4D). Four oxide
Figure 7.4: Comparative topography measurements using local anodic oxide as a height
mark. A: vinylphthalimide monolayer on silicon B: after local oxidation C:
amino-terminated monolayer after hydrolysis of phthalimide D: attachment
of FITC.
lines with different height have been created. The line profiles measured from the
AFM images after each stage are displayed in figure 7.5. The irregular appear-
ance of some curves may be the result of the uneven silicon substrate (terraces) and
residual contaminations on the AFM tip after LAO. For a better comparability of
the height images (maintaining a similar sample-tip interaction, driving frequency
and Q-factor), all AFM images have been measured with the same tip, though it
may have been contaminated. The initial height of the oxide structures above the
vinylphthalimide surface is about 1.9 nm for the largest line and about 0.5 nm for
the smallest one (black curve). As expected, after hydrolysis of the phthalimide
there is a relative height increase (red curve). However, the absolute value of this
increase is about (1.5 0.5) nm which is more than twice the length of a phthalim-
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ide molecule (about 0.6 nm). After the binding of FITC to the surface (blue curve),
the relative oxide height decreases about (2  1) nm. This is also about twice the
height of an upright standing FITC molecule (ca. 1 nm). It is unlikely that the
deviation from the expected height variations are caused by the formation of mul-
tilayer since the functional molecules possess only one binding site and the sample
has been washed thoroughly multiple times in an ultrasonic bath with different or-
ganic solvents. Seemingly, the influence of the different surface terminations on
the tip-sample interaction and/or the water adsorption layer on the surface has such
a strong influence on the measured height. Another unexpected peculiarity is that
the relative height variation depends also on the absolute oxide height. For higher
oxide nanostructures the increase or decrease is larger than for smaller structures.
This may be a result of the double tip. When scanning over the oxide structure,
the second peak of the AFM tip is still above the hydrophilic vinylphthalimide or
FITC surface which influences the cantilever oscillation. The higher the oxide, the
farther away is this second peak from the surface and the weaker is its influence
on the cantilever oscillation. Though the absolute height values from this measure-
ment are most likely not accurate due to the double tip and the influence of the
different tip-surface interactions, the qualitative results confirm the hydrolysis of
phthalimide as well as the binding of FITC.

















 Vinylphthalimide terminated (B)
 Amino-terminated (C)
 FITC-terminated (D)
Figure 7.5: NC-AFM topography profiles of four LAO oxide lines after generation on a
vinylphthalimide-terminated silicon surface (black), on the amino-terminated
surface after hydrolysis of phthalimide (red) and after binding of FITC (blue).
The profiles have been measured perpendicular to the line direction and aver-
aged over a width of 20 pixels.
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7.3.2 Successful routes towards silane functionalization of
nanostructures
After the binding of FITC to amino-terminated silicon surfaces has been proved, a
suitable route had to be found for the functionalization of LAO oxide with amino
groups by selective binding of APTES. For a better evaluation of the AFM height
measurements, octadecyl-trichlorosilane (OTS) was used for the first experiments
because of the larger molecular length. Furthermore, under suitable conditions,
OTS molecules tend to assemble into densely packed monolayers on silicon ox-
ide surfaces [Mirj06]. Figure 7.6 shows the NC-AFM images of a square oxide
structure before (A) and after (B) 40 h in a 10 mM OTS solution in toluene un-
der ambient conditions. After the OTS treatment, the measured structure height
increases from about 2 nm up to 50 nm (figure 7.6D and 7.6E). Additionally this
increase is very nonuniform: there is a formation of clusters of different height (fig-
ure 7.6E and 7.6C) and the RMS roughness on the structure increases more than
one order of magnitude (0.5 to 10). As the height increase is much larger than the
chain length of an OTS molecule (2.6 nm), OTS is not forming closed monolay-
ers on the nanostructure (figure 7.7A) but rather a vertical or 3D polymerization
of OTS has to be assumed (figure 7.7B). Such a vertical polymerization is known
for tri- and di-functional silanes, especially alkoxysilanes and alkylchlorosilanes
[Fade00, Bran93, Plue91] under certain conditions. In order to understand why
the 3D polymerization is preferred to the monolayer formation on the LAO struc-
ture under ambient conditions, one has to go further into the details of the reaction
mechanism of trichlorosilanes with silica surfaces. In the presence of water, the
Si-Cl bonds of an OTS molecule undergo hydrolysis forming Si-OH groups. If the
OTS molecule is close to the substrate, these Si-OH groups react with OH groups
on the silicon oxide surface forming a Si-O-Si bond and water. Such a reaction
is of course also possible between two OTS molecules leading to a cross-linking
of the layer molecules. Thus, the presence of a surface water layer on the silicon
oxide is a necessary condition for the monolayer formation, but too much water
on the surface also promotes vertical polymerization. Besides the availability
of water, the surface density of OH-groups (silanole groups) on the silica surface
has a very strong impact on whether there is a monolayer formation or a vertical
polymerization [Fade00]. If the density of such groups is sufficiently large, the
hydrolyzed OTS molecules should tend to react preferentially with the surface due
to steric reasons. A 3D polymerization requires a certain twisting of the molecules
out of their equilibrium conformation. In order to obtain high quality monolayers,
silica substrates are usually cleaned in an oxidizing acid (e.g. ’piranha’ solution)
to provide a maximum coverage of the surface with OH groups. However, such a
method is not possible for LAO nanostructures on alkyl-terminated silicon as the
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Figure 7.6: NC-AFM height images of LAO oxide structures before (A) and after (B)
40 h in a 10 mM OTS solution in toluene under ambient conditions. C: AFM
phase image of line structures after the 40 h in OTS. D, E: topography profile
along the lines in A and B.
protecting monolayer would also be oxidized. The strong tendency towards vertical
polymerization in the presence of ambient water however, is an indirect evidence
for a rather low density of OH groups on the lithographic oxide. This is further
supported by the fact that for smaller immersion times of the substrate within the
OTS solution, also a very non-uniform increase in height with clear local differ-
ences was observed. The few surface hydroxyl groups also lead to a much slower
binding rate of OTS to the LAO oxide. Even after several hours in the OTS so-
lution, the surface was not fully covered with OTS, whereas for ’piranha’-cleaned
silica a fractional surface coverage near unity was reported within a few minutes
[Mirj06, Belg10].
As the OH group density on the LAO oxide cannot be altered, the only way to
prevent vertical polymerization is to completely remove the water from the silane
solution in toluene. This was achieved by further drying of the solvent (sparging of
the solution with an inert gas for 1 hour before the reaction) and placing the ves-
sel in a desiccator during reaction. Under such conditions, a much more uniform
coverage of the silicon oxide nanostructures could be achieved (see figure 7.8).
The small amount of water which is necessary for the hydrolysis of the trichlorosi-
lane may originate from residual water in the dried solution or a very thin water
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Figure 7.7: Schematic illustration of the two different possible covalent binding mecha-
nisms of OTS with a silicon oxide surface. A: formation of a smooth OTS
monolayer, B: vertical polymerization.
film which is adsorbed on the oxide surface during transfer under ambient con-
ditions. Since the rest of the alkyl-terminated silicon is much more hydrophobic
than the local oxide, surface water will condensate preferentially on the nanostruc-
tures. Compared to the binding under ambient conditions, the height increase is
much more uniform under dry conditions. In the case of a square structure, the
formed silane layer (here: 11-bromo-undecyltrichlorosilane was used) possesses a
thickness of about 1.6 nm to 2 nm (figure 7.8A, B and E). This is in very good
agreement with the thickness of 11-bromo-undecyltrichlorosilane monolayers on
silica substrates which was determined to a value of 1.81 nm by ellipsometry mea-
surements [Sawo08]. There are also very few larger elevations which may be due
to polymerization within the solution. However, such impurities could be avoided
using better anhydrous conditions and controlled process conditions. They are not
crucial for the general observations and their physicochemical interpretation. The
height increase of the line structures (figure 7.8C, D and F) is also within a reason-
able range of 0.5 to 2.5 nm. Silane layer thicknesses smaller than the molecular
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Figure 7.8: NC-AFM height images of LAO oxide structures before (A, C) and after (B,
D) 16 h in a 10 mM 11-bromo-undecyltrichlorosilane solution in dry toluene
under dry conditions. E, F: topography profile along the lines in A-D aver-
aged over a width of 10 pixels.
length can be explained by a low surface coverage. If the monolayer is not densely
packed, the molecules will not stand nearly upright (in all-trans conformation) but
the alkyl chains will orient more parallel to the surface which leads to a decrease of
the measured layer thickness [Mirj06]. A height increase of more than the thickness
of a densely packed monolayer can only be explained by a beginning vertical poly-
merization. It is striking that there is a clear correlation between initial structure
height and width with the thickness of the silane layer: The higher and wider the
initial oxide, the larger is also the height increase by binding of silane molecules.
Obviously the surface geometry has a strong influence on the reaction mechanism.
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7.3.3 FITC bound to silicon oxide nanostructures
Once suitable conditions for the controlled silanization of LAO nanostructures
have been found, functionalization with fluorescent FITC molecules according to
the route displayed in figure 7.1 has been carried out. Figure 7.9 shows the re-
sults of comparative AFM height measurements after different functionalization
steps. After binding of APTES, there is a height increase of approximately 0.3 nm
Figure 7.9: A and B: NC-AFM height images of LAO oxide line structures before any
functionalization (A) and after binding of FITC (B). C: Height profile of an
LAO oxide structure (black curve) after 6 h in 10 mM APTES solution dry
toluene under dry conditions (blue curve) and after subsequent binding of
FITC in aqueous solution (green curve). The profiles were measured and
averaged over a width of 20 pixels along the path indicated by the blue line
in figure (A).
(blue curve) which is in good agreement with the length of a hydrolyzed APTES
molecule (0.3 nm). The subsequent binding of FITC to the amino-functionalized
nanostructure leads to a further increase in height of about 0.7 nm. As the length
of a single FITC molecule is about 1 nm, it can be concluded that the molecules
are not standing upright but are tilted from the surface normal. The tilt is most
likely caused by the thiocarbonyl group (planar trigonal geometry due to binding
sp2 orbitals). A calculation of the tilt from the height measurements is not straight-
forward though, as too many assumptions about the 3D orientation and bending
of the bound FITC molecules would have to be made. Further theoretical con-
siderations (e.g. molecular dynamic simulations) could be employed in order to
111
7 COVALENT BINDING OF A FLUORESCEIN DYE USING AMINO LINKERS
investigate the molecular orientation on the surface but it has to be kept in mind
that AFM measurements of such systems are always influenced by many other
factors like tip-sample interactions and the formation of water layers that strongly
depend on the chemical nature of the surface, as mentioned in the previous chap-
ters. FITC functionalized nanostructures have been investigated using fluorescence
microscopy which further confirms the successful binding. Figure 7.10B shows a
confocal microscope image of the fluorescence from the FITC-terminated struc-
ture in figure 7.10A (AFM image). There is a clear luminescence signal which
Figure 7.10: A: NC-AFM height image of an LAO oxide line structure after binding of
FITC. B: confocal microscope image of the same structure (lexc=465 nm,
excitation power: 11 µW, integration time: 1 ms/px) and C: fluorescence
spectrum from the FITC-functionalized structure (dark gray curve) com-
pared to FITC fluorescence in acetone solution (red curve).
originates from the nanostructure only. The spectral shape of the fluorescence light
resembles that of FITC in acetone solution and is shifted about 36 nm to the red
(figure 7.10C) due to the different dielectric environment (the small signal close to
the filter edge at 485 nm is not part of the FITC fluorescence but probably scat-
tered light from the environment). The fluorescence signal is comparable weak
(roughly a factor of 10 above the background noise level). Main reason for this is
the quenching by the underlying silicon. Nevertheless, other high quantum yield
xanthene dyes (e.g. rhodamine 6G) that are bound to the nanostructures by elec-
trostatic interactions, show a much higher signal-to-noise ratio for similar structure
heights and excitation powers. Thus the quenching by the underlying silicon does
not explain the measured low fluorescence intensities. Another important factor
that influences the absorption and emission of radiation by the bound molecules is
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the orientation of their transition dipole moment. For xanthene derivatives such as
fluorescein or rhodamine, the transition dipole moment~µ for the S1 ! S0 transi-
tion is typically oriented along the xanthene unit [Penz80, Arbe06]. As this unit
is perpendicular to the binding axis of the molecule, it should be oriented rather
parallel to the surface (tilt angle a = 0, see figure 7.11). Since the directional char-
Figure 7.11: Schematic of the transition dipole moment orientation~µ (red arrow) of FITC
bound to a SiO2 surface.
acteristic of a dipole scales with cos2a, a very large tilting (a close to 90) would
be necessary to explain the much lower fluorescence intensities. Such a large tilt
is very unlikely due to steric reasons as well as the molecular structure and would
also be contradictory to the AFM-investigations. It may also be possible that the
fluorescence is quenched by an efficient energy transfer between densely packed
FITC molecules on the structure. This can be excluded by comparison to a study
of Imhof et al. [Imho99] They investigated FITC bound to silica spheres and found
a quenching of the fluorescence intensity for increasing dye concentration which
was attributed to an interaction between neighboring molecules. This interaction
however, also causes a lowering of the excited state energy which was observed as
a 10 nm red shift of the emission spectrum from 531 nm to 541 nm for increasing
dye concentration. Although it is difficult to exactly determine the peak position
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in figure 7.10C due to the low signal-to-noise ratio of the spectrum, the maximum
position clearly seems to be rather in the range of 530 nm than 540 nm. The ab-
sence of the red-shift as well as the agreement of the approximate peak position
and spectral shape with the results of Imhof et al. for low dye concentrations, leads
to the conclusion that the observed low fluorescence intensity is likely not caused
by a dense packing of the FITC molecules on the oxide structure. Measurements
of the excited state lifetime are likely not suitable to investigate the intermolecular
interactions because of the predominant quenching by the silicon below. Conse-
quently the most likely reason for the strong difference in fluorescence intensity
between the electrostatically bound dyes and the covalently bound FITC is also the
most evident one: the concentration of FITC bound to the LAO structure seems
to be much lower than that of dyes which attach through electrostatic interactions.
Of course this conclusion, though plausible, is based on many uncertainties and
assumptions. Yet a more precise quantification is very difficult due to the unknown
quenching by the underlying silicon and the unavailability of suitable measurement
techniques of the surface coverage for such small geometries. If the density of
FITC molecules on the structures is really much lower than that of electrostatically
attracted dyes then this may be a hint that either the APTESmonolayer is not closed
on a nanoscopic scale or the molecules in the monolayer are not well-ordered. The
latter would lead to a rather low density of surface amino groups [Past08] which
are available for reaction with the functional group of FITC. However, the next
neighbor distance between two adjacent surface amino groups has to be below the
AFM tip diameter ( 30 nm) as no distinct height steps or islands could be ob-
served in the AFM images. A resolution of the density of bound molecules may be
possible by using novel techniques such as the measurement of AFM amplitude-
phase-distance curves [Diet08]. From such experiments, the dissipated energy of
the AFM tip oscillation can be calculated which depends on the local elastic and
therefore structural surface properties of the substrate. The surface coverage of the
relatively rigid silicon oxide with ’softer’ organic molecules should in principle be
distinguishable by the amplitude-phase-distance curve technique.
7.4 Conclusions
In conclusion, a route for a controlled covalent functionalization of silicon oxide
nanostructures with an amino-terminated silane and FITC dye molecules has been
realized successfully. The formation of silane monolayers on nanoscopic silicon
oxide nanostructures has proven to be much more sensitive towards ambient humid-
ity as e.g. silanization of larger OH-terminated silica surfaces. This is most likely
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due to a lower density of surface hydroxyl groups which requires a longer reaction
time for the formation of a closed monolayer. Optical investigations of the bound
FITC dye on the other hand, seem to indicate that the forming APTES monolayer
is not well-ordered. Pasternack et al. found that the ordering of APTES monolay-
ers can be improved through in situ heating during the functionalization reaction
[Past08]. An elevation of the reaction temperature seems to be a promising step for
future experiments in order to obtain more densely packed FITC monolayers on
the silicon oxide nanostructures. Also a formation of silane monolayers from the
gas phase should be considered, as this technique enables a controlled formation of
highly ordered films under appropriate conditions [Dong06, Sugi02, Hozu01].
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8.1 Summary
The main objective of this thesis was to investigate different routes for the selective
functionalization of silicon oxide nanostructures created by local anodic oxida-
tion of alkyl-terminated silicon. Thereby two different general mechanisms for the
binding of optically active molecules have been pursued, attachment of different
dyes via electrostatic interactions and covalent binding. Both approaches could be
successfully realized and in this process new insights into the physiochemical mod-
ification of nanoscopic surfaces were obtained. This especially is a very interesting
and important topic for a future development and design of functional nanoscale
materials or devices by combined up-down and bottom-up techniques. Further-
more, the fluorescence properties of the generated functional structures have been
investigated for the first time in such a great detail. By interpreting these properties
through adaptation of existing models and the development of new conceptions, a
deeper understanding of this class of systems could be achieved. In the following,
general and specific new findings presented within this thesis will be summarized
briefly.
(I) The recently verified negative space charge within the local oxide structures is
stable at least over several days. A found decrease of the Kelvin probe force mi-
croscopy contrast over time at ambient conditions could be clearly attributed to
an adsorption of ambient humidity on the structure which leads to a screening of
the charge. The high stability of the charge was also confirmed by fluorescence
measurements of a charge sensitive dye. Though both methods showed a good
qualitative agreement, special attention should be paid to their quantitative validity
which cannot be easily derived for such systems.
(II) The negative space charge allows for a reliable and easily applicable binding of
different classes of cationic dye molecules. For the first time, a perylene deriva-
tive could be selectively immobilized on LAO nanostructures by using spermine-
functionalized PBI molecules that have been synthesized by the Wu¨rthner-group.
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(III) In the case of electrostatically bound rhodamine 6G, the number of bound dye
molecules is nearly proportional to the surface area of the dye-covered nanostruc-
tures. This emphasized the impact of the surface charge density on the dye attach-
ment rather than the volume charge density.
(IV) The spectral emission characteristics of electrostatically bound R6G is very similar
to that in solution or a physisorbed thin film on silicon oxide. However, there
is a small yet clearly verified blue shift which was attributed to the interaction
between the R6G molecules and the negative charges. No distinct influence of the
electrostatic binding on the photophysical degradation (bleaching) of rhodamine
6G could be found.
(V) Emission spectra of sf-PBI functionalized LAO nanostructures can be interpreted
as a combination of monomer-like emission and E-type excimer luminescence.
Thus it can be concluded that some of the emitters exist in a state which is similar
to the electronic configuration of monomeric sf-PBI molecules whereas others are
able to relax into an E-type excimer geometry. The spectral findings for the elec-
trostatically attached PBIs could also be compared to those of thin films spincoated
on silicon with a 100 nm silicon oxide layer.
(VI) The relative strength of the E-emission from the nanostructures decreases gradually
by cooling the sample down to 77 K. This may be understood in terms of a motional
constriction due to the electrostatic forces that bind the sf-PBI molecules to the
local anodic oxide surface.
(VII) The decay process of the excited state has been found to be at least tri-exponential,
both for the dense spincoated films as well as for the dye bound to LAO oxide. This
indicates a multitude of different involved molecular states which may be under-
stood in terms of a configurational disorder within the electrostatically assembled
sf-PBI films. The E-excimers possess a larger life time than the sf-PBI monomers
which is also in agreement with previous findings as well as the investigations of
the spincoated films.
(VIII) The influence of the underlying close-by silicon on the dampening of the emissive
rate shows a reasonable agreement with an existing theoretical model. It has also
been found that even a 27 nm thin silicon film is sufficient to cause a dampening
compared to bulk silicon.
(IX) For the first time, a covalent attachment of an optically active material (in this
case the functional fluorescein derivative FITC) to the LAO nanostructures via an
amino-terminated silane linker has been successfully demonstrated. The binding
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was confirmed by AFM height measurements and fluorescence microscopy.
(X) Photoluminescence intensity and spectral investigations, however, indicate that the
density of the bound FITC molecules is rather low compared to the electrostatic
binding mechanisms of rhodamine 6G or sf-PBI. This may be connected to a poor
order within the formed silane layer on a nanometer scale.
8.2 Prospects and open questions
Although within this thesis many of the occurring problems concerning the func-
tionalization of LAO nanostructures with optically active materials are solved, it
is only natural in the context of scientific discourse that it raises new questions
which should be addressed in future experiments. The most essential ones will be
discussed in the following.
• The stability of the space charge within the nanostructures has been verified for
time periods of days, yet it would be very interesting whether it is also stable even
for longer times. If so, applications could be conceived, where once bleached or
otherwise de-functionalized species could be removed and replaced easily by a new
self-assembly process through providing a fresh solution containing the respective
functional cationic molecules (self-healing of the functional structures).
• A suitable ’calibration’ procedure for the use of the charge sensitive dyes would be
very beneficial, as those are strongly local probes that are not as easily influenced
by forming water films as e.g. KPFM measurements.
• A theoretical calculation of the influence of the negative charge on the spectral
properties of the attached dyes (electrochromic effect) may not only explain the
observed spectra but could also provide new insights in the binding strength and
orientation of the attached molecules.
• Elaborate theoretical simulations should also be conducted in order to explain the
interplay between structural and electronic properties of bound sf-PBI molecules
(excimer formation).
• The interpretation of such calculations could also be supported by low-temperature
life time investigations. This may help to understand the found decrease of the E-
excimer peak while cooling the sample as well as the found thermal relaxation
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kinetics.
• The design of dye molecules with defined binding sites could be used to covalently
bind them in a very controllable way to the LAO oxide structures. A synthesis of
a perylene derivative with a reactive NCS-group at the imide position is attempted
at the moment but did not yield to a positive result so far. With different functional
dyes available, it should be possible to create nanostructures with distinct func-
tionalities on a very small scale in a multi-step combined top-down / bottom-up
approach.
• In order to gain further insights into the coverage of the LAO structures on a length
scale below the optical resolution limit, other techniques such as AFM amplitude-
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